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Chapter 1
Introduction
For more than fifty years, chlorophenols have been used as industrial and
agricultural chemicals throughout the world. Pentachlorophenol (PCP) has been widely
used as an herbicide and as a molluscicide, but is employed primarilyas a pesticide for
wood preservation (Boyd et al., 1989). Its widespread use has made ita common
contaminant of soils, sediment and groundwater. In contaminated soils at wood-preserving
facilities, PCP has been found at levels as high as several thousand mg/kg (Boydet al.,
1989). Because of its pervasive use and its toxicity, pentachlorophenol has been classified
as a priority pollutant by the U.S. Environmental Protection Agency (LaGrega et al.,
1994).
Treatment of PCP-contaminated soil has been conducted by ex-situ and in-situ
processes. Because of PCP's relatively low volatility and moderate solubility, most
remediation efforts have taken the form of ex-situ biological treatment, suchas
landfarming and composting (Haggblom and Valo, 1995). Theuse of bioreactors in
remediating PCP contaminated soils has been largely limited to laboratory-scale
demonstrations. In 1996, the EPA Western Region Hazardous Substance Research
Center approved the demonstration and testing of a novel permeable barrier reactor ata
wood preserving facility in Eugene, Oregon (Woods and Williamson, 1995). The reactor
was designed to bioremediate PCP-contaminated groundwater in-situ by sequential
anaerobic-aerobic transformation. Testing this new technology required drilling a 24 inch
diameter, 25 foot deep well. Generated as a by-product of the well-drilling operationwas
approximately 3.7 cubic meters of saturated, low permeability soil, contaminated with
PCP and 2,3,5,6-tetrachlorophenol (TeCP). The design and implementation ofa soil2
bioreactor capable of treating the entire volume of contaminated soilwas proposed as an
option to stock bioremediation techniques or disposing of the soilas hazardous waste.
Biological treatment of PCP is possible under both aerobic and anaerobicsoil
conditions. Anaerobic degradation of PCP in soilsoccurs via reductive dechlorination. In
this process, chlorines on the aromatic ring are replaced by hydrogens,ultimately resulting
in dichlorophenols (DCP) (Mohn and Tiedje, 1992). PCP has been shownto be reduced
to TeCP via ortho, meta, and para pathways, depending on the microbial consortia
present; but ortho dechlorination predominates (Nicholson, 1990). In soils,a common
sequence for PCP degradation is via ortho dechlorination to 3,4,5-trichlorophenol (TCP),
followed by para dechlorination to 3,5-DCP (Haggblom and Valo, 1995).Dechlorination
of PCP often leads to the accumulation of less-chlorinated phenols, but complete
mineralization to CO2, or CH4 is possible (Haggblom and Valo, 1995).
Under aerobic conditions, PCP transformation pathways dependupon the type of
biological population present. Although both ortho andpara hydroxylation of PCP are
common in aqueous experiments, bacterial strains transform soil bound PCP exclusively
via para-hydroxylation to form tetrachloro-p-hydroquinone (TeCH) (Apajalahtiand
Salkinoja- Salonen, 1987). TeCH can then be hydroxylated at the ortho position,resulting
in trichloro-1,2,4 trihydroxybenzene (THB); and after three reductive dechlorinationsteps,
1,2,4-trihydroxybenzene (Haggblom and Valo 1995). TeCH can also be dechlorinated
without hydroxylation, resulting in trichlorohydroquinone (TCH) and 2,6-
dichlorohydroquinone (DCH) (Steiert and Crawford, 1986). Fungal degradation of PCP
proceeds by nonspecific oxygenations. Lignin-degrading fungi have been shownto
oxidize PCP to tetrachloro-p-benzoquinone (Haggblom and Valo, 1995).
Biodegradation of PCP from soils by isolated microorganisms and mixed culture
consortia has been well documented (Watanabe, 1973; Edgehill and Finn 1982, 1983;
Apajalahti and Salkinoja-Salonen 1984, 1986; Saber and Crawford, 1985). Strains
isolated from contaminated field sites have been most successful at oxidizing PCP and less
chlorinated phenols (Stanlake and Finn, 1982; Edgehill and Finn, 1983). Isolating
organisms capable of degrading chlorophenols anaerobically hasproven more difficult.
More commonly, anaerobic biodegradation of PCP has been demonstrated usinga3
microbial consortia found in wastewater sludge from anaerobic digesters (Boyd and
Shelton, 1984; Mikesell and Boyd, 1985, 1986, 1988). Bioaugmentation with sludge
inoculated with chlorophenols has been shown to be facilitate reductive dechlorination in
numerous laboratory studies (Boyd et al., 1989; Bel lin et al., 1990; Mikesell and Boyd,
1988). Bioaugmentation with similar sludge under aerobic conditions has been less
widespread, but equally effective (Valo and Salkinoja- Solonen, 1986).
In field-scale demonstrations, bioremediation of soils by intrinsic bacteria and
fungi, or by bioaugmentation, often results in incomplete removal of chlorophenols (Boyd
et al., 1989) Residual chlorophenols remain in soil regardless of treatment methods or soil
conditions. One approach to remedy this problem is soil treatment under sequential
aerobic/anaerobic conditions. PCP is most readily removed from highly contaminated soil
under aerobic conditions, while anaerobic treatment of large quantities of soil is less rapid,
but results in greater removal (Boyd et al., 1989). This factor suggests that the most
expedient method of soil treatment is to remove the bulk of PCP by oxidation, leaving the
more recalcitrant contaminants to be removed by reductive dechlorination.
Sequential biological treatment of chlorophenols requires an electron donor for
reductive dechlorination and a primary substrate for aerobic cometabolism.
Transformation of PCP in soils using chlorophenols as the sole carbon and energy source
is uncommon (Watanabe 1973; Haggblom and Valo, 1995). If there is no electron donor
and primary substrate intrinsic to contaminated soil, they must be provided. In bench-
scale studies, PCP removal from soils has been demonstrated in the presence of sodium
glutamate and glucose as primary substrates for bacterial growth (Topp and Hanson,
1990; Hu et al., 1994). Information on extrinsic electron donors for soil remediation is
limited, but in studies involving contaminated groundwater, the list of successful electron
donors is extensive. Imitation vanilla flavoring (IVF) has been shown to promote
complete mineralization of PCP to CO2 by sequential treatment, serving as both an
electron donor and a primary substrate (Roberts, et al., 1997). Unlike many carbon
sources employed in chlorophenol remediation, IW is a common food additive and is
classified as GRAS (generally recognized as safe by the Food and Drug Administration).4
The bioreactor designed for this treatment process is a fill and draw batch type,
operated in weekly cycles. Constructed from a 6 cubic yard steel refuse container, it is
intended to remove chlorophenols under both anaerobic and aerobic conditions. The
reactor is separated into three soil treatment zones and four liquid mixing wells. Soil is
infused with a liquid mixture containing a combination of nutrients, vitamins, and imitation
vanilla flavoring (IVF). The purpose of the research presented here is to demonstrate the
successful operation of this technology using the pilot-scale reactor, and similar bench-
scale reactors. This study has four primary objectives:
1. To demonstrate the effectiveness of fill and draw bioreactors at promoting removal
of PCP from a large volume of low-permeability, contaminated soil without promoting soil
washing,
2. To evaluate the capability of imitation vanilla flavoring as an electron donor for
anaerobic reductive dechlorination and as a primary substrate for aerobic cometabolism of
PCP in contaminated soils,
3. To determine the effect of bioaugmentation with PCP-inoculated anaerobic
wastewater sludge on the transformation of chlorophenols in contaminated soil, and
4 To compare the effects of anaerobic and aerobic treatment mixtureson PCP
removal and demonstrate removal of PCP from soil under sequential aerobic/anaerobic
conditions.
This thesis presents the results and analysis of treating chlorophenol-contaminated
soil in the pilot-scale reactor over 24 fill and draw cycles. Soil samples and treatment
mixture samples were taken at the conclusion of each cycle to monitor the removal and
mobility of chlorophenols. Soil samples were removed from each of the three soil
treatment zones, and liquid samples were taken from each mixing well to monitor any
patterns of preferential bioremediation or anomalies in reactor operation. Also included
are the results and analysis of the concurrent bench scale study, conducted to optimize the
performance of the pilot-scale reactor.5
Chapter 2
Literature Review
Introduction
Bioremediation of contaminated soil can be an effective method for removing
chlorinated compounds from hazardous waste sites. Halogenated aromatic compounds
such as PCP can be completely mineralized to CO2under,both anaerobic and aerobic
conditions, using bioaugmentation, combined with composting and other ex-situ methods.
This chapter examines the fate of chlorophenols in anaerobic and aerobic soils, and the
potential for biodegradation using current field and laboratory techniques.
Anthropogenic Sources of Chlorophenols
Pentachlorophenol and tetrachlorophenols have been used extensivelyas
agricultural and industrial biocides since the 1920's. In agricultural settings, they have
been employed primarily as pesticides in rice paddies. Their industrialuses have been
more varied, and have included use as a biocide in paints and oils and as a fungicide in
freshly sawn timber. It is in the long-term preservation of timber products including
power and telephone poles, and large scale structural members, where they have been
utilized most extensively. The use of PCP and tetrachlorophenols in industry is universal.
During the 1980's the annual word-wide production of PCPwas estimated to range
between 35 and 90 thousand tons (Haggblom and Valo, 1995). The production of all
chlorophenols was estimated at 200 thousand tons per annum, with approximately 80
percent of total consumption attributed to the wood preservation industry (Haggblom and
Valo, 1995).
Contamination of soil and groundwater at wood preservation facilities iscommon.
There have been isolated cases in which wide-scale contaminationwas caused by an6
industrial accident. Such an incident occurred in British Columbia in1980, when 18,000
liters of a 7,500 mg/L chlorophenol solution leaked foma dip tank (Haggblom and Valo,
1995). More often, contamination is a result of on-sitetreatment, handling, and storage
methods. The treatment processes at wood preserving facilitiesvary among nations, but
often do not include adequate features to prevent contamination of soiland ground water.
In Scandinavian countries, a common methodwas to treat new timbers using dip tanks
(Haggblom and Valo, 1995). Large bundles of lumberwere submerged for a short time in
a 1 to 2 percent solution of sodium chlorophenolate. In North America, woodtreatment
was accomplished using dip tanks and by using pressured vessels. Pressure vesselsare still
employed in wood treatment. Wood is pressure treated usinga 3 to 6 percent solution of
PCP dissolved in a petroleum based solvent. The solvent carrier liquidvolatilizes under
pressure making it easier for PCP to penetrate wood fibers. Unfortunately, volatile PCP
readily penetrates small openings in treatment vessels. In thepast, at the conclusion of the
treatment process, timbers were left to drip dry on storage racks inareas unprotected from
rain and snowfall. This drying process and leaching fromstorage areas during rainfall
events has been a major cause or PCP contamination (Haggblom and Valo, 1995) PCP-
contaminated soil sites are found throughout the world. In Finland,a study of wood
treatment facilities showed soils to contain PCP in levels as highas several grams per
kilogram of soil (Kitunen et al., 1987). Similar studies in the UnitedStates have shown
PCP levels to range as high as several thousand milligramsper kilogram (Boyd et al.,
1989). In response to their ubiquity, long-termuse, and threat to human health, the
USEPA has designated five chlorophenols, including PCPas priority pollutants.
Chlorophenol Interactions with Soils
Industrial and agricultural practices have led to wide-scale soil contaminationby
chlorophenols. Once in a soil environment, the fate of PCP is determined byseveral
physical and chemical processes. PCP can be removed from soil by volatilization,or taken
up by plants (Ferro et al., 1994). Degradation of PCP can occur via photodecomposition,7
a process that includes reductive dechlorination, hydroxylation, and ring cleavage, or by
microbial decomposition processes, including methylation, dechlorination, hydroxylation
and mineralization (Boyd et al., 1989). PCP may sorb to soil organic matter or join with
soil organic matter via oxidative coupling.
The transport and biological availability of chlorophenols in soil is most dependent
upon the extent of sorption and binding of the compounds by soil humic matter (Boyd et
al., 1989). Organic matter has been shown to act as a bulk phase solvent in solubilizing
both ionic and non-ionic forms of chlorophenols in soil-water systems, making them more
available to sorb and desorb from soils (Boyd et al., 1989). Sorption of PCP and 2,3,5,6-
TeCP to soil is highly dependent upon environmental factors, and is most strongly
influenced by soil pH and organic content (Kuwatsuka, S., and M. Igarashi, 1975;
Schellenberger et al., 1984; Banerji et al., 1993; Galil and Novak, 1995). Sorption ofnon-
ionic chlorinated phenols by organic matter, including PCP, is consistent with solute
partitioning theory (Schellenberg et al., 1984). In laboratory studies using PCP and less
chlorinated phenols, linear isotherms were observed for soil sorption over a wide range of
relative solute concentrations, as was a linear relationship between K0 and 1(4x, (Chiou et
al., 1985). In studies using moderate permeability Menfro series silt loam, Banerji et al.,
(1993) demonstrated a linear relationship between the sorption of PCP and the organic
content of soil and an inverse relationship between sorption and soil pH.
Oxidative coupling is a microbial degradation reaction in which bound residues
comprised of organic chemicals are incorporated into soil components (Sposito, 1989).
Oxidative coupling enzymes can create stable covalent bonds between parent organic
chemicals and soil organic matter, increasing the overall mass of organic matter (Dragun,
1988). Oxidative coupling is catalyzed by phenoloxidase and peroxidase enzymes
produced by fungi, bacteria, and plants found in surface soils (Boyd et al., 1989). The
process may also be autooxidative; catalyzed by soil minerals prevalent in soils such as
clays (McBride, 1987).8
Chlorophenol Biodegradation in Soils
Anaerobic Processes
Biodegradation and biological treatment of PCP is possible under bothaerobic and
anaerobic soil conditions. Anaerobic degradation of PCP in soilsoccurs almost
exclusively via reductive dechlorination, a process in which chlorineson the aromatic ring
are replaced by hydrogens, ultimately resulting in dichlorophenols (DCP) (Mohr and
Tiedje, 1992). The anaerobic biodegradation pathways for PCPappear in Figure 1.
Reductive dechlorination of PCP to TeCP canoccur via ortho, meta, and para pathways.
The dechlorination pathway depends upon the microbial consortiapresent; PCP is most
often transformed via ortho dechlorination (Nicholson, 1990). Acommon degradation
pathway for PCP in soils is via ortho dechlorination to 3,4,5,6-tetrachlorophenol (TeCP)
and 3,4,5-trichlorophenol (TCP), followed by para-dechlorinationto 3,5-dichlorophenol
(DCP) and meta-dechlorination to3-chlorophenol (CP) (Boyd et al., 1989). Another
possible dechlorination pathway starts with ortho dechlorinationto 3,4,5,6-TeCP,
followed by removal of the para chlorine to form 2,3,5-TCP,or the meta chlorine
forming 2,3,4-TCP (Boyd et al., 1989). Dechlorination of PCP often leadsto the
accumulation of less-chlorinated phenols, but complete mineralizationto CO2, or CH4 is
possible (Haggblom and Valo, 1995). A lesscommon PCP degradation product in
anaerobic soils is pentachloroanisole (PCP methyl ether). Methylation of PCPhas been
shown to account for up to 5 percent of degradation products in anaerobic soil(Murthy et
al., 1979).
Aerobic Processes
Under aerobic conditions, PCP is transformed by hydroxylation and mineralization
or by methylation (Boyd et al., 1989). The aerobic biodegradation pathways for PCP
appear in Figure 2. In the hydroxylation process, a chlorine is removed from the phenolicCI
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ring and replaced by a OFT radical. The hydroxylation transformation pathway under
aerobic conditions, depends upon the type of biological media present. In aqueous
environments containing bacteria, both ortho and para hydroxylation of PCP are common.
Bacterial strains in soils transform PCP exclusively via para-hydroxylation to formCI
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Figure 2. Aerobic degradation pathways for PCP in soils
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tetrachloro-p-hydroquinone (TeCH) (Apajalahti and Salkinoja- Salonen, 1987). TeCH can
be hydroxylated at the ortho position, to form trichloro-1,2,4 trihydroxybenzene (THB),
and ultimately, after three dechlorination steps, 1,2,4-trihydroxybenzene (Haggblom and
Valo 1995). TeCH can also be dechlorinated without hydroxylation, resulting in
trichlorohydroquinone (TCH) and 2,6-dichlorohydroquinone (DCH) (Steiert and
Crawford, 1986). Fungal degradation of PCP proceeds by nonspecific oxygenations.
Lignin-degrading fungi have been shown to oxidize PCP to tetrachloro-p-benzoquinone
(Haggblom and Valo, 1995). TeCH can also be transformed to 2,3,5,6-
Tetrachloroanisole. Methylation of PCP to pentachloroanisole is common in aerobic soils
and can account for 50 percent removal of PCP in microcosm studies using a microbial
consortia (Murthy et al., 1979).
Biodegradation by isolated microbes
Although it is highly successful as a general biocide, biodegradation of
chlorophenols in soils has been reported since the 1970s. Biodegradation occurs in the
presence of several different organisms, including bacteria and fungi. Bacterial strains
capable of partial or complete mineralization of PCP and dechlorinated metabolites have
been isolated by several researchers. In 1972 Chu and Kirsch demonstrated the
mineralization of 75 percent of PCP to CO2 using PCP as a sole source of carbon and
energy. In early studies, strains of Pseudomonas sp. capable of growth using PCP were
isolated from rice paddy soil (Watanabe, 1973; Suzuki, 1977). Using the isolated strain of
Pseudomonas sp., Suzuki (1977) was able to demonstrate complete mineralization of PCP
to CO2. Four strains of bacteria in the genus Arthrobacter were isolated by Stanlake and
Finn (1982). These strains were acquired from soil that was acclimated to PCP and from
un-acclimated soil. Both samples demonstrated a consistent ability to metabolize PCP and
trichlorophenols. The bacteria Rhodococcus chlorophenolicus, isolated from a mixed
culture obtained from bark chips, was able to completely mineralize PCP and other
polychlorinated phenol isomers to CO2 (Apajalahti and Salkinoja- Salonen, 1986;12
Middeldorp et al., 1990). In recent studies, multiple strains of Flavobacterium able to
degrade PCP were isolated from Minnesota soils acclimated to between 12 and 800 mg/kg
PCP. The bacteria promoted 73 to 83 percent mineralization of PCP at concentrations
ranging from 100 to 200 mg/kg (Saber and Crawford, 1985).
Several fungal strains capable of reducing PCP concentrations in soils have been
isolated, including Cephaloascus fragrans and Trichoderma (Cserjesi, 1967; Cserjesi and
Johnson, 1972). Similar studies demonstrated the PCP biodegradation capabilities of
Lentinula edodes and Phanerochaete chrysosporium (Okeke et al., 1996) Numerous
lignin degrading fungi have been found to promote chlorophenol biodegradation in soils
(Bumpus et al., 1989; Lamar and Dietrich, 1990; Lamar et al., 1990; Loske et al., 1990;
Mileski et al., 1988)) Three lignin-degrading fungi, Phanerochaete chrysosporium,
Phanerochaete sordida, and Trametes hirsuta were found to promote 55 to 89 percent
removal from soil containing 672 mg/kg PCP, depending'on the mass of the inoculum and
the type of fungi applied (Lamar et al., 1993; 1994).
Biodegradation by Bioaugmentation
One of the most successful field and laboratory remediation techniques for
chlorophenol-contaminated soils is bioaugmentation. Removal of PCP via
bioaugmentation occurs under both aerobic and anaerobic conditions, using isolated
bacterial strains, bacterial consortia, and fungal consortia.
Aerobic bioaugmentation is a common and effective treatment process for field
sites with high levels of PCP contamination. In most cases, aerobic treatment results in
removal of the bulk of the mass of chlorophenols, but is unable to achieve complete
biotransformation. Valo and Salkinoja- Salonene (1986) demonstrated removal of PCP
from soils containing several hundred mg/kg PCP by composting and inoculation with R
Chlorophenolicus. In this case, 10-30 mg/kg of PCP remained after 500 days of
treatment. Composting efforts conducted with lignin-degrading fungi, such as
Phanerochaete chrysosporium, Phanerochaete sordidam, and Trametes hirsuta have been13
shown to remove up to 90% of PCP in field demonstrations (Lamar et al., 1993). Similar
levels of residual PCP were shown by Crawford and Mohn (1985). 10-30 mg/kg PCP
remained in soils that originally contained 300 mg/kg.
Anaerobic bioaugmentation is most successful using wastewater sludge from
anaerobic digesters. In laboratory studies, bioaugmentation with digester sludge
inoculated with chlorophenols has been shown to be facilitate transformation of PCP by
ortho dechlorination to 3,4,5-TCP, followed by para dechlorination to 3,5-DCP (Boyd
and Shelton, 1984; Mikesell and Boyd 1986; Mikesell and Boyd, 1988). In a study using
anaerobic digester sludge from a wastewater treatment facility in Jackson, Michigan, PCP
was completely mineralized in microcosms initially containing 74 gmol/kg. Sludge was
added to microcosms at a rate of 5 g per kg of soil and incubated for 28 days. At the
conclusion of the incubation, PCP was completely removed from microcosms containing
sludge acclimated to chlorophenols. Un-inoculated soil microcosms achieved only 45
percent removal of PCP. Flasks containing sterile sludge achieved no removal. In a
parallel study using soil from an actual wood treatment facility, 77 percent removal of
PCP with 38 percent recovery as lower chlorinated phenols was accomplished using soil
with an initial PCP concentration measured at 30 mg/kg (Boyd et al., 1989). Some studies
suggest a relationship between the rate of sludge addition and PCP transformation
(Mikesell and Boyd, 1988). In these studies, however, it was impossible to quantify the
percentage of dechlorinated metabolites resulting from transformation of PCP from
acclimated inoculum.
Biodegradation under sequential aerobic/anaerobic conditions
Supporters of bioremediation under sequential aerobic-anaerobic conditions
propose that soils contaminated with PCP can be bioremediated most effectively by
varying the oxygen content of the soil. Aerobic treatment, although effective at removing
chlorophenols from highly-contaminated soils, invariably results in some residual
contamination. Anaerobic treatment, although relatively slow, can result in complete14
mineralization of PCP and less chlorinated chlorophenols in highly-contaminatedsoils.
Supporters of sequential treatment propose that contaminated soil be treated first under
aerobic conditions, to remove the bulk of chlorinated phenols, then under anaerobic
conditions, to remove more recalcitrant compounds.
Laboratory and field scale demonstrations of PCP transformation and removal
under sequential conditions are rare. Mineralization ofaqueous PCP to CO2 under
sequential anaerobic/aerobic conditions was recently shown by Robertset al. (1996).,
Mikesell and Boyd, (1988) tested the potential for treatment of PCP-contaminatedsoil
using a sequential aerobic/anaerobic scheme and inoculation with unacclimatedanaerobic
digester sludge. Soil was amended with anaerobic wastewater sludge and incubatedin
flasks under aerobic conditions for 28 days. At the conclusion of the incubation,the
contents of the flask was split and re-inoculated. The two flasks were incubated for 28
days, after which they were split, with one half returning to aerobic conditions, the other
half remaining anaerobic. In the course of 84 days of treatment, PCP concentration
decreased by 20 percent in aerobic bottles. In the first 28 day anaerobiosis the
concentration of PCP steadily declined to near 0 mg/kg, while the concentration of
dechlorinated metabolites rapidly increased. During the third 28 day period, anaerobic
bottles showed continued transformation of PCP and dechlorinated metabolites, while
those under aerobic conditions showed no additional removal.
Interactions with Chlorophenol Acclimated Wastewater Sludge
Anaerobic digester sludge is added to contaminated soil to increase themass of
chlorophenol-degrading bacteria in the system. Adding PCP inoculated sludge to
bioreactors and composting applications has three significant, direct effects: it increases
soil pH, increases the organic content of the soil, and changes the distribution of
chlorophenols in the soil/water/colloid system (Banerji et al., 1993).
Coupled with the addition of organic matter to any soil bioreactor isan increase in
pH (Banerji, 1993) and a corresponding increase in chlorophenol solubility. In high pH15
systems, more chlorophenols are found in their ionic and more hydrophilic form,
phenolate. In microcosm studies conducted with 846 mg PCP/kg soil at 1.38% TOC,
Banerji et al. (1993) demonstrated an increase in PCP solubility, measuredas PCP
recovery from soils, (from 47.2% to 72.9%) when system pH was increased from 5.0 to
9.0. Christodoulatos and Mohiuddin (1996). demonstrated similar results for enhanced
aqueous mobility of PCP in soil/water systems containing 2.96% TOC. In their analysis,
equilibrium masses of PCP in soil decreased from 42.8% to 19.7% in soil/water
microcosms containing 387.50 p.g PCP when pH was increased from 4 to 10.
The most significant effect of sludge supernatant addition is an increase in the
concentration of soluble organic matter in the soil reactor and a change in the distribution
of PCP in the soil/water/colloid system. The organic fraction in soil increasesas a direct
result of augmented cell mass, but it also increases due to the addition of chlorophenols.
When chlorophenols added as part of an inoculum contact soil, they inducea release of
low molecular weight organic compounds and colloids from the soil surface (Gaul and
Novak, 1995). In microcosms containing lOg of soil at a pH of 5.35 comprised of 1.8%
organic matter Galil and Novak (1995) demonstrated that the physical separation of
colloids from saturated soils increases with PCP concentrations. Microcosmswere spiked
with 150 mL of 0 mg/L, 2.5 mg/L, 5 mg/L, and 10 mg/L PCP solutions and measured
after an initial contact time of 24 hours. The concentration of soluble soil organic matter
in microcosms containing 2.5 mg/L PCP increased from 8 mg/L to 65 mg/L, measuredas
TOC. PCP additions at 5 mg/L and 10 mg/L resulted in an increase to 85 mg/L. The
same study conducted with soil at a pH of 7.25, comprised of 8.25 % organic matter
showed an increase in soluble organic matter from 10 mg/L to 30 mg/L TOC at 2.5 mg/L
PCP and 35 mg/L TOC at 5 mg/L PCP and 10 mg/L PCP. One third of the TOC
measured was considered to be associated with colloids.
PCP introduced into bioremediation schemes does not distribute evenly in the
soil/water/colloid system. Inoculated sludge contains chlorophenols in aqueous form and
chlorophenols complexed with organic matter. Chlorophenols introduced in solutionmay
complex with the solid phase soil or remain in the aqueous phase. Gall and Novak (1989)
and Boyd et al., (1990) demonstrated that the fate of PCP added to flooded soil systems is16
dependent upon soil pH and organic content. In soils with low concentrations of organic
matter (1.8%) and pH of 5.35, PCP was more likely to be found in the aqueous form
(Table 1). Galil and Novak (1989) found that the distribution of PCPamong the three
system components was similar at PCP concentrations of 2.5, 5 and 10 mg/L. In bottles
containing soil and water, 87.1 percent to 90 percent of chlorophenolswere found in
aqueous form. 6 to 9.8 percent of chlorophenols were bound to soils, at levels increasing
with initial PCP concentration. The concentration found in colloids ranged from 3.1to 4
percent. At systems with pH greater than 7.25, and 8.25% organic matter, added
chlorophenols were more likely to sorb to soils or bind with colloids. The increase in
system pH resulted in increased chlorophenol availability. As a result of the increase in
organic matter, more chlorophenols were found in the solid phase. Galil and Novak
(1989) found that as initial PCP concentrations increase from 2.5 to 10 mg/L, solid phase
chlorophenols decreased from 33.6 to 26.2 percent of the total (Table 1). The
concentration found in colloids decreased from 13.2 to 26.2 percent.
Table 1. Percent distribution of PCP in a soil/water/colloid systemas a function of pH,
TOC, and PCP concentration'
Soil description:pH= 5.35TOC = 1.8%
Aqueous Phase 90 87.2 87.1
Colloids 4 3.8 3.1
Solid Phase 6 9.0 9.8
Total PCP (%) 100 100 100
Initial Conc. (mg/L) 2.5 5.0 10.0
Soil description pH =7.25 TOC =8.25%
Aqueous Phase 53.2 61.2 71.2
Colloids 13.2 6.8 2.6
Solid Phase 33.6 32 26.2
Total PCP (%) 100 100 100
Initial Conc. (mg/L) 2.5 5 10
adapted from Galil and Novak, 1989.17
Biodegradation in the presence of an extrinsic electron donor and substrate
Microbial biodegradation of chlorophenols under anaerobic and aerobic conditions
requires a primary substrate for aerobic cometabolism andan electron donor for reductive
dechlorination. In some cases, intrinsic carbon and energysources exist to promote in-situ
or ex-situ transformation. PCP and less chlorinated phenols can serve as carbon sources
for microbial growth (Watanabe, 1973; Haggblom and Valo, 1995). PCPcan also serve
as an energy source to promote aerobic transformation and mineralization of up to 75
percent of PCP in contaminated soil (Chu and Kirsch, 1972; 1973). If there is no electron
donor and primary substrate intrinsic to contaminated soil, one must be provided. Carbon
sources used to promote anaerobic transformation of PCP in soil have included glucose
(Middeldorp et al, 1990; Boyd et al 1989; Topp and Hanson, 1990; Zhong-Cheng et al.,
1994), sodium glutamate (Topp and Hanson, 1990; Seech et al., 1991), and soybean
residue (Boyd et al., 1989).
Information on extrinsic electron donors for soil remediation is limited, but in
studies involving contaminated groundwater, the list of successful electron donors is
extensive. Imitation vanilla flavoring (IW) has been shown to promote complete
mineralization of PCP to CO2 by sequential treatment, servingas both an electron donor
and a primary substrate (Roberts, et al., 1997). Unlike other carbonsources employed in
chlorophenol remediation, IW is a common food additive and is classifiedas GRAS
(generally recognized as safe by the Food and Drug Administration).
Conclusion
Chlorophenols are halogenated aromatic compounds commonly foundas
contaminants in soil at hazardous waste sites throughout the world. PCP and less
chlorinated phenols are readily biodegraded under both aerobic and anaerobic soil
conditions. Laboratory and field-scale demonstrations have shown mineralization of PCP
using numerous bacteria and fungal strains, and by bioaugmentation with anaerobic18
digester sludge. The success of biological treatment of PCP-contaminated soil dependson
the potential for microbial growth and thepresence of an electron donor for reductive
dechlorination. Soil treatment can be enhanced by adding a mixture capable of facilitating
both aerobic and anaerobic biological processes.19
Chapter 3
Evaluation of Bench-Scale and Pilot-Scale Bioreactors
Designed to Bioremediate Low-Permeability Pentachlorophenol-ContaminatedSoil
Materials and Methods
The capability of fill and draw batch reactors to bioremediate chlorinatedphenols'
in low permeability soil was evaluated in bench-scale and pilot-scalesystems. Bench-scale
reactors were devised to assess the transformation of PCP and 2,3,5,6-TeCP in soil froma
field site under sequential aerobic/anaerobic conditions. Treatmentwas evaluated under
varying conditions by infusing soil with liquid treatment mixtures containingan extrinsic
microbial population in the form of anaerobic wastewater sludgesupernatant and/or an
external electron donor in the form of imitation vanilla flavoring (IVF). A pilotscale
reactor was designed to treat 3.7 m3 of soil contaminated with PCP and 2,3,5,6-TeCP
using the processes demonstrated in the bench scale reactors.
Bench-Scale Fill and Draw Reactor Study
Configuration and Set-up
Five series of nine bench-scale reactors were filled with 50g of soil from the
McFarland Cascade pole treatment facility in Eugene, Oregon. Eachreactor series was
maintained under different conditions by supplying them witha distinct aqueous treatment
mixture. The mixtures contained a combination of anaerobicwastewater sludge
supernatant and IVF diluted in deionized water (Table 2). One series of reactors (series
A), treated only with deionized water, was maintained throughout thetreatment process.
Series B was fed a deoxygenated treatment mixture containing IVF. Bench-scalereactors20
were operated for nine, week-long fill and drain cycles. At the beginning of the first cycle,
each reactor was flooded with its respective treatment mixture. At the conclusion of each
week, the liquid contents of each reactor was drained and analyzed for chlorophenols.
The saturated soil in one reactor from each series was removed at the conclusion of each
fill and draw cycle, and analyzed for chlorophenols by Soxhlet extraction. To initiate the
next cycle, the remaining reactors were then re-filled with fresh treatment mixtures.
Table 2. Bench-scale reactor set-up
Reactor Deoxygenated/ Vanilla Nutrient Anaerobic
Series Deionized H2OFlavoring Mixture Sludge Supernt.
A NO NO NO NO
B YES YES YES NO
C NO YES YES NO
D NO YES YES YES
E NO YES YES YES (4x)
Sequential Aerobic/Anaerobic Treatment
Bench-scale bioreactors were operated under sequential aerobic/anaerobic soil
conditions with the intent of improving and expediting overall removal and transformation
of chlorophenols. At the initiation of each treatment cycle, bench-scale reactors contained
oxygen in the form of air dissolved in treatment solutions. Over the course of the
treatment cycle, the dissolved oxygen content of the soil/water system could be reduced
by aerobic biological activity and volatilization into reactor head-space or ambient air.
Utilization of any air entrained in soil pore water and liquid treatment mixtures created an
environment more favorable to anaerobic processes. Draining treatment solutions at the
end of each week-long cycle introduced air back into the reactor, facilitating chlorophenol
removal under aerobic conditions.21
Design and Construction
Forty-five identical fill and draw batch reactorswere used to conduct the bench-
scale study. Each reactor was constructed ofa 6 inch section of 1-1/4 in ID chlorine
resistant poly-vinyl chloride pipe (CPVC), fitted withan end cap (Figure 3). A 1/4 inch
x1/4 NPT, poly-vinyl chloride (PVC) barbed hose fittingwas connected to each end cap
to serve as a portal for injecting and drawing off treatment mixtures. One four inch
section of Tygon tubing was affixed to each hose fitting. Small plastic tubeclamps
(McMaster-Carr, Los Angeles, CA) were fitted to the sections of tubingto act as check
valves during treatment cycles. To promote aneven distribution of feed solution, diffusers
constructed of 1/8 inch glass beads encased in 1000 gm polyester filterpaper were
inserted at the base of each reactor. The diffuserswere held in place by covering them
with a small circular section of 200x200, 304 stainless steel mesh (McMaster-Carr,Los
Angeles, CA), and securing the mesh to the reactor wall withepoxy. Reactors were
rinsed once with reagent grade methanol and five times with deionizedwater after they
were assembled.
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Figure 3. Bench-scale reactor22
Soil Preparation
Soil was obtained in the form of saturated well cuttings from the McFarland
Cascade pole treatment facility in Eugene, Oregon. Soil used in the pilot-scale studywas
a heterogeneous mixture of clay, sand, and gravel. Prior to filling the bench-scale
reactors, the site soil was air dried and sorted using a #4 ASTM sieve to remove large
cobble, twigs and other undesirable substances.
Liquid Feed Mixture Preparation
Bench-scale reactor feed mixtures were prepared in 1000 mL Nalgene® bottlesat
the beginning of each cycle. The mixtures were composed ofa combination of deionized
water, IVF, the supernatant extracted from PCP inoculated anaerobic wastewater sludge
and a mixture of inorganic nutrients and vitamins. The contents of each mixturewas as
follows.
Reactor Series A - 1000 mL DI water.
Reactor Series B - 1000 niL deoxygenated DI water, 4.2 mL IVF, 17 1.LL S3,
84 1AL S4, 55 !IL S7.
Reactor Series C - 1000 mL deionized water, 4.2 mL IVF, 17 pL S3, 84 III, S4,
55 !IL S7.
Reactor Series D - 750 mL deionized water, 250 mL anaerobic wastewater sludge
supernatant, 4.2 mL IVF, 17 gL S3, 84 !IL S4, 55 III, S7.
Reactor Series E - 1000 mL anaerobic wastewater sludge supernatant, 4.2 mL
IW, 17 pL S3, 84 III, S4, 55 1.IL S7.
The IVF was prepared at 23,600 mg/L COD, to specifications listed in Kaslik (1996) and
contained 3.6 g/L guaiacol (C711802), 1.2 g/L ethyl vanillin (C9111003), 7.8 g/L propylene
glycol (C3H802) and 0.8 g/L benzoate (C711502). Concentrations of organic constituents23
in each liter of reactor feed mixture containing IVFwere 15.0 mg/L guaiacol, 5.0 mg/L
ethyl vanillan, 32.6 mg/L propylene glycol, and 3.3 mg/L benzoate. S3 and S4are
modifications of mineral mixtures and S7 is a vitamin mixture recommended by Owenet
al., (1979) (Appendix M). The mineral and vitamin mixtures used in this studywere 100:1
dilutions of Owen's stock solutions, prepared in DI water.
Anaerobic wastewater sludge was acquired from the Municipal Wastewater
Treatment Facility, Corvallis, Oregon on October 3, 1995. Anaerobic conditionswere
maintained by flooding the storage carboy headspace with nitrogen. The carboywas
maintained at 20°C. Sludge was acclimated to PCP by numerous additions totaling 0.75
1.1M (0.2 mg/L) PCP. Carboys received monthly injections of IVF atno more than 100
mg/L as COD and 100:1 dilutions of S3, S4 and S7 in DI water,as recommended by
Owen et al. (1979). Supernatant was removed from the sludge suspension usinga siphon
device propelled by compressed nitrogen and stored in a 4 L amber glass container prior
to feed solution preparation.
Reactor Operation and Sampling
The fill and draw reactors operated in weekly cycles. To start each treatment
cycle, reactors were filled with 35 mL of feed solution using a 0.002 literper minute
peristaltic pump (McMaster-Carr, Los Angeles, CA). The discharge end of thepump
tubing was secured to the reactor fill and drain tubing using a 1 inch section of 1/4 ID
stainless steel tubing as a connector. Fill tubing was flushed with deionized water for 30
seconds between reactor series to protect against cross-contamination of reactors. To
ensure anoxic conditions, the headspaces of anaerobic reactors were purged with oxygen-
free nitrogen during the fill and drain process then securely capped with no. 7 butyl rubber
stoppers.
At the conclusion of each one-week cycle, treatment solutions were removed from
each reactor through the fill and drain ports, using the peristaltic pump. The quantity of
liquid drawn off each reactor was recorded and 2 mL of each treatment mixturewas24
retained for analysis. The solid contents of one reactor from each serieswas destructively
sampled at the conclusion of each fill and draw cycle. After drawing off the treatment
solution, the saturated soil was removed from the subject reactor usinga stainless steel
spatula and placed in a 50 mL beaker in preparation for Soxiilet extraction.
Pilot-Scale Fill and Draw Reactor Study
Configuration and Set-up
The pilot-scale reactor was designed to treat large quantities of contaminated soil
by periodically flushing the soil with a recirculating treatment mixture. The reactorwas
operated by pumping treatment mixtures into vertical liquid mixingzones. Through the
hydraulic head supplied by the liquid column, the treatment mixture infiltrated adjacent soil
treatment zones. After a one week incubation period, the treatment mixture was drained,
supplemented as needed, and recycled into the reactor.
Sequential Aerobic/Anaerobic Treatment
Like the bench-scale bioreactors, the pilot-scale reactor was operated under
sequential aerobic/anaerobic soil conditions. The dissolved oxygen content of the
soil/water system increased at the beginning and conclusion of each fill and drain treatment
cycle, with the intent of improving overall transformation' and removal of chlorophenols.25
Design and Construction
The pilot-scale bioreactor was constructed from a 6 cubic yard plain steel refuse
container (De Wald Northwest, Salem, OR) finished with two-part polyurethane paint.
The container was divided into two 41 cm and one 64 cm soil treatment zones and three 9
cm liquid mixing zones (Figure 4). Mixing zones were constructed using 14 gauge plain
steel sheets with offset 1/8 inch perforations reinforced, with L 2x2x3/8 steel angles.
Mixing sections created soil subdivisions and served as wells to supply treatment mixtures
to contaminated soil.
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Figure 4. Pilot-scale bioreactor cross-section showing
liquid mixing wells, soil treatment zones, and flow
profile of treatment mixtures through soil zones26
Operation and Sampling
The pilot-scale reactor was operated in weekly cycles and was fed thesame
mixture of nutrients and IVF as reactor series B and C. Soil was treated by filling well
sections and allowing the treatment mixtures to slowly infiltrate the soil zone (Figure 5).
Wells were filled by pumping the feed mixture, prepared with tap water, froma 55 gallon
steel drum using a 2.8 gpm submersible pump (McMaster-Carr, Los Angeles, CA). Only
one well section served as the fill port during each cycle. The well section was filled with
the treatment mixture to the
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Figure 5. Operational cross-section of pilot scale reactor
showing influx of liquid mixtures through soil treatment zones
height of the soil present in the adjoining treatment zone. After the liquid levels in each
well equilibrated, the single supply well was re-filled. This process continued until each
well section was filled to the height of the adjoining soil treatment zone. This method
promoted complete saturation of each soil section under the greatest possible gravitational
head. Treatment mixtures were drained from the reactor, by repeatedly pumping dry each
well section in succession, until no liquid leached from soil zones. Drain mixtureswere27
temporarily stored in 55 gallon steel drums and analyzed for chlorophenol content. The
mixtures were supplemented with IVF and nutrients and then pumped back into the
successive well section. Fill mixtures were augmented such that the concentration of IVF
remained between 150 mg/L and 220 mg/L IVF as COD.
Soil and pore water samples were drawn from treatmentzones at the conclusion of
each cycle. Soil samples were taken using a hollow, cone-shaped aluminum sampler
screwed to the end of a 1.5 m long aluminum rod. Samples were captured by driving the
sampler to the desired depth using a dead-blow mallet. The samplerwas then removed
and its contents emptied into a 50 mL flask. Soil sample locations within eachzone varied
over the course of the experiment, but were always taken from a depth of approximately
60 cm from the soil surface. Pore water samples were obtained from sampling wells
placed at the center of each treatment zone. Samples were captured by insertinga glass
tube into the well and siphoning its entire contents using a pipette bulb.
Analytical Procedures
Chlorophenols were removed from soil samples by Soxhlet extraction using the
process described by Woods et al. (1985). Liquid samples from each fill and drain cycle
were placed in 2 mL plastic centrifuge tubes and spun at 5000 rpm for 5 minutes using an
Eppendorf 5415C micro-centrifuge to separate solids. Chlorophenol analyseswere
conducted on liquid samples using a hexane extraction procedure developed by Voss et al
(1981) and modified by Smith (1993) (Appendix J). 100 !IL water samplesare mixed with
1 mL of an internal standard reagent prepared with 30.4 g/L K2CO3 and 500 mg/L 2,4,6-
tribromophenol in a 10 mL test tube. 100 mL of acetic anhydride is added to the mixture;
the tube was sealed with an air-tight Teflon® lined cap and shaken for 20 minutes. The
tube was removed from the shaker and the cap was removed. 1 mL of HPLC grade
hexane was added and the tube was shaken for an additional 20 minutes. Hexanewas
removed from the tube and placed in a 2 mL amber glass GC vial with a Teflon® lined
septa and aluminum crimp cap.28
Chlorophenols were quantified using a Hewlett-Packard 6890 gas chromatograph
(GC) equipped with a 63Ni electron capture detector and a J&W Scientific DB-5MS 30m
column (J&W Scientific, Folsom, CA). The GC was controlled by a Hewlett-Packard
ChemstationTM outfitted with Rev.A.05.01 [273]© software. The ECD was programmed
to hold an initial oven temperature of 40°C for when minute then ramp at 25°C per minute
to a mid point temperature of 140°C. From 140°C, the oven temperature increased to
250°C at a rate of 10°C per minute. The oven temperature was held for five minutes and
injector and detector temperatures were maintained at 250°C and 350°C, respectively.
Helium, at an initial flow of 2 mL per minute, served as the carrier gas. After fourteen
minutes, the flow increased to 4 mL per minute at a rate of 4 mL per minute, where it was
maintained for seven minutes. The detector auxiliary gas consisted of a 95:5 mix of
Ar: CH4 maintained at a flow rate of 60 mL per minute.29
Results of Bench-Scale and Pilot-Scale Studies
The focus of this study was evaluation of the fill and draw batch reactorprocess as
a method to bioremediate chlorophenols in low-permeability soils. Batch reactors were
designed to infuse soil with a liquid treatment mixture, promoting aerobic respiration and
reductive dechlorination under sequential aerobic/anaerobic conditions. The effectiveness
of the reactor system was evaluated in bench-scale and pilot-scale experiments. Bench-
scale studies assessed five different treatment mixtures and the liquid deliverysystem.
Five series consisting of nine reactors each, treated chlorophenol-contaminated soil using
mixtures composed of a combination of distilled water, imitation vanilla flavoring, and
anaerobic wastewater sludge supernatant (Table 2). In the pilot-scale study,
approximately 3.7 m3 of contaminated soil were treated using a similar fill and draw
bioreactor process.
Bench-Scale Fill and Draw Reactor Study
Reactors were operated for nine seven-day fill and draw cycles. The saturated soil
contents of one reactor from each series was removed each week over the course of the
experiment, and analyzed for chlorophenols. Fill and drain treatment solutionswere also
monitored for chlorophenol content. The molar masses of chlorophenols in saturated soil
during the nine week treatment process are shown in Figures 6 through 11. Thesemasses
have been adjusted to account for losses or gains of chlorophenols from draining treatment
solutions or by adding inoculated anaerobic wastewater sludge supernatant.30
Background Concentrations of Chlorophenols in Soil and Soil Conditions
Soil treated in this study was a heterogeneous mixture obtained froma well cutting
operation in the form of a slurry. Preliminary analyses showed that the soil,once dried
and prepared for treatment, contained PCP in relatively low concentrations,ranging from
2.4 mg/kg to 3.0 mg/kg. By comparison, PCP contamination in soilsat Superfund sites
has been recorded at concentrations in excess of 100 mg/kg (Boydet al., 1989).
Tetrachlorophenols, occurring as a result of PCP transformationor as impurities in the
grade of PCP used on site, were also present in soil samples. Concentrations of2,3,5,6-
TeCP ranged from 0.59 mg/kg to 0.73 mg/kg. 2,3,4,5-TeCPwas found at trace levels,
less than 0.08 mg/kg. Based on five soil samples, fill and drawreactors prepared with 50
g of soil contained an average of 0.50 gmol PCP (standard deviation a = 0.013), 0.14
p.mol 2,3,5,6-TeCP (a = 0.013), and 0.014 p.mol 2,3,4,5-TeCP= 0.0019).
Laboratory studies were conducted to determine the physical and chemical
characteristics of the site soil. Saturated hydraulic conductivitywas measured at 1.4x10-8
m/day using a falling head permeameter (Appendix K). CECwas measured at 8.8
meq/100g and the pH was 8.2, indicating a moderately alkaline mixture. The organic
content of the soil was approximately 1.2 percent. Soil conductivity, visual examination,
CEC levels, and mineral content suggested that the soilwas a clay-sand mixture (Sposito,
1989) common to the Willamette River valley.
PCP & 2,3,5,6-TeCP Removal
Fill and draw reactor technology promoted removal of PCP and 2,3,5,6-TeCP in
low permeability soil under all test environments (Figure 6). Similar resultswere achieved
using completely anaerobic and sequential aerobic-anaerobic reactors. Reduction of PCP
and 2,3,5,6-TeCP levels in soil was demonstrated regardless of thepresence of imitation
vanilla flavoring or anaerobic wastewater sludge supernatant (Table 3). Most removal
occurred during the first three cycles. Based on anaverage of soil samples taken between31
cycles 4 and 9, approximately 70 percent to 81 percent of PCP (Figure6) and 80 percent
to 88 percent of 2,3,5,6-TeCP (Figure 7) were removed from soilsover the nine week
experiment duration. The average removal of PCP in all fivereactor series was 74.1
percent by mass (a = 4.4); average removal of 2,3,5,6-TeCPwas 84.5 percent (a = 3.8)
Table 3. Chlorophenol removal in fill and draw reactorsover 63 days (percent by mass)
Reactor
Series PCP' 2,3,5,6 -TeCP'
A 69.9±4.7 84.6±4.4
B 75.3±4.3 79.5±7.8
C 70.9±15.7 82.2±9.0
D 73.4±5.0 87.9±5.0
E 80.9±128 88.4±6.0
'Mean and standard deviation of removal efficienciesobserved for the period between
weeks four and nine
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Figure 6. PCP removal from bench-scale reactor series A through Eover nine fill and draw cycles.32
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Figure 7. 2,3,5,6-TeCP removal from bench-scale reactor series A through E over nine fill
and draw cycles.
Anaerobic PCP & 2,3,5,6-TeCP Transformation
The biological transformation of PCP and 2,3,5,6-TeCP in reactors treated with
imitation vanilla flavoring, occurred under quasi-anaerobic conditions (Figure 6 through
Figure 11). PCP and 2,3,5,6-TeCP were dechlorinated to 3,5-DCP in soil reactors
inoculated with anaerobic wastewater sludge supernatant (series D and E) and in
uninoculated soils, treated with completely anaerobic and anoxic fill solutions (series B).
In uninoculated reactor series C, anaerobic treatment of PCP and 2,3,5,6-TeCP resulted in
transformation to 2,3,5-TCP and 3,4,5-TCP, while 3,5-DCP was not observed. Anaerobic
transformation of PCP and 2,3,5,6-TeCP was insignificant in reactor A, which showed no
dechlorinated metabolites.
The appearance of anaerobic metabolites was dependent upon the biomass.
Reactors containing a greater mass of anaerobic wastewater sludge generated anaerobic33
metabolites within the first treatment cycle. Production of 2,3,4,5-TeCPwas observed in
the first cycle in reactor series E, the series containing the higher concentration of sludge.
2,3,4,5-TeCP was observed in the second cycle in reactors containing less inoculum
(series D) (Figure 8). A lag time of five weeks occurred before 2,3,4,5-TeCPwas
observed in uninoculated reactor series C.
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Figure 8. Production of 2,3,4,5-TeCP in bench-scale reactors from anaerobic transformation
of PCP
The appearance of 3,4,5-TCP from ortho dechlorination (Figure 9) followeda
trend consistent with the production 2,3,4,5-TeCP in inoculated and uninoculated soil
reactors fed imitation vanilla flavoring. 3,4,5-TCP appeared first in E series reactors,
followed by series D and C. Based on a comparison of reactors series B and C, the rate of
production of 3,4,5-TCP was more rapid when anaerobic fill solutions were used. In
reactor series B, 3,4,5-TCP first appeared during cycle 4 (Figure 9). In comparison,
3,4,5-TCP first appeared in reactor series C during the sixth cycle.0.10
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Figure 9. Appearance 3,4,5-TCP in bench-scale reactors from anaerobic transformation of
2,3,4,5-TeCP
34
2,3,5-TCP generated from ortho dechlorination of 2,3,5,6-TeCP and/or para
dechlorination of 2,3,4,5-TeCP appeared during the first fill and draw cycle in soil reactors
inoculated with anaerobic wastewater sludge (Figure 10). Production in uninoculated
reactors did not occur until the third fill and draw cycle. In all reactor series, the
appearance of 2,3,5-TCP preceded the emergence of 2,3,4,5-TeCP, suggesting that the
2,3,5-TCP was produced from ortho dechlorination of 2,3,5,6-TeCP. Production of 3,5-
DCP was observed in the third cycle in the inoculated reactors, independently of biomass,
and in the sixth cycle in the uninoculated anaerobic reactor series B (Figure 11).
Dichlorophenols were never observed in soil samples taken from reactor series C.35
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Figure 10. Appearance 2,3,5-TCP in bench-scale reactors fromanaerobic transformation of
2,3,5,6-TeCP or 2,3,4,5-TeCP
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Figure 11. Appearance of 3,5-DCP in bench-scale reactorsover nine fill and draw cycles36
Chlorophenol Washout
One of the goals of fill and draw batch reactor technologywas to treat
contaminated soils and contaminated pore water without promoting soil washing. This
was an important consideration in reactors where the mobility of chlorophenols was
enhanced by the addition of anaerobic wastewater sludge supernatant. A comparison of
the chlorophenol content of reactor fill solutions and subsequent drain solutionswas used
to determine the extent of soil washing that occurred each week, and over the nine week
experiment duration. The change in chlorophenol mass in theaqueous phase over week-
long cycles indicated the amount of chlorophenols added to or removed from reactors
with each fill and draw cycle. The sum of these changes compared to the initialmasses of
chlorophenols in soil indicated the washout that occurred in each reactor series (Table 4).
For example, at the conclusion of the fourth week of treatment, effluent treatment
mixtures from reactor series A contained a total of 1.55 nmol of chlorophehnols
(Series/Week A4). At the beginning of treatment, the fill mixture for series D reactors
contained 2.58 nmoles of PCP. The effluent mixture at the conclusion of the first week of
treatment contained 0.38 nmoles of PCP (D1).
The fill and draw process promoted nominal washout of PCP in bench-scale
reactors, based on the initial mass in the soil-water system. The process resulted in 3.5
percent, 8.3 percent, 1.5 percent, and 1.5 percent losses of PCP in reactors A, B, C, and D
respectively. In reactor series E, an overall increase in PCP mass of 2.8 percent resulted
from fill and draw treatment with a PCP acclimated inoculum. Losses ofmore soluble
2,3,5,6-TeCP were more significant. Reactors A, B, and C lost 17.4 percent, 40.4 percent
and 15.0 percent of their initial masses of 2,3,5,6-TeCP to washout over nine fill and draw
cycles. Losses of 2,3,5,6-TeCP in inoculated reactors, D and E were, 2.1 percent and 32.5
percent, respectively. Reactors inoculated with wastewater sludge supernatant acclimated
to chlorophenols showed significant changes of 2,3,4,5-TeCP in the aqueous phase.
Series D reactors experienced a 21.9 percent gain in mass of 2,3,4,5-TeCP, while series E
reactors lost 22.3 percent of their initial mass of 2,3,4,5-TeCP.37
Table 4. Chlorophenols added/removed from bench-scalereactors due to fill and draw
treatment (nmol)
Series/
Week
2,3,5
TCP
3,4,5
TCP
2,3,5,6
TeCP
2,3,4,5
TeCP PCP ECP
AO NANA NA NA NA NA
Al 0/0 0/0 0/1.35 0/0 0/0.88 0/2.22
A2 0/0 0/0 0/0.74 0/0 0/1.00 0/1.74
A3 0/0 0/0 0/2.75 0/0 0/3.84 0/6.59
A4 0/0 0/0 0/0.83 0/0 0/0.71 0/1.55
AS 0/0 0/0 0/1.62 0/0 0/1.36 0/2.98
A6 0/0 0/0 0/0.43 0/0 0/0.46 0/0.89
A7 0/0 0/0 0/2.58 0/0 0/2.90 0/5.48
AS 0/0 0/0 0/7.92 0/0 0/2.09 0/10.00
A9 0/0 0/0 0/6.15 0/0 0/4.05 0/10.20
E 0/0 0/0 0/24.37 0/0 0/17.29 0/41.65
BO NANA NA NA , NA NA
B1 0/0 0/0 0/1.40 0/0 0/0.75 0/2.15
B2 0/0 0/0 0/0.66 0/0 0/0.40 0/1.06
B3 0/0 0/0 0/2.70 0/0 0/3.76 0/6.46
B4 0/0 0/0 0/3.61 0/0 0/2.62 0/6.23
B5 0/0 0/0 0/7.35 0/0 00/9.64 0/17.00
B6 0/0 0/0 0/3.66 0/0 0/5.63 0/9.27
B7 0/0 0/0 0/11.8 0/0 0/10.4 0/22.10
B8 0/0 0/0 0/23.1 0/0 0/4.55 0/27.60
B9 0/0 0/0 0/2.23 0/0 0/3.66 0/5.89
E 0/0 0/0 0/56.51 0/0 0/41.41 0/97.7638
Table4(continued). Chlorophenols added/removed from bench-scale reactors due to fill
and draw treatment (nmol)
CO
Cl
C2
C3
C4
C5
C6
C7
NA
0/0
0/0
0/0
0/0
0/0
0/0
0/0
NA
0/0
0/0
0/0
0/0
0/0
0/0
0/0
NA
0/1.38
0/1.29
0/0
0/0.93
0/0
0/0
0/0
NA
0/0
0/0
0/0
0/0
0/0
0/0
0/0
NA
0/1.08
0/0.73
0/0
0/0.75
0/0.30
0/0.27
0/2.92
NA
0/2.46
0/2.02
0/0
0/1.68
0/0.30
0/0.28
0/2.92
C8 0/0 0/0 0/12.36 0/0 0/1.02 0/13.38
C9 0/0 0/0 0/4.98 0/0 0/0.46 0/5.44
E 0/0 0/0 0/20.94 0/0 0/7.53 0/28.48
DO NANA NA NA NA NA
D1 0/0 0/0 0/0.45 0/0 2.58/0.38 2.58/0.83
D2 0/0 0/0 0/5.05 0/0 2.56/5.02 2.56/10.07
D3 0/0 0/0 0/1.23 0/0 3.03/1.15 3.03/2.38
D4 0/0 0/0 0/1.87 0/0 1.98/2.34 1.98/4.20
D5 0/0 0/0 0/2.43 0/0 0/2.03 0/4.46
D6 0/0 0/0 0/1.77 0/0 0/1.76 0/3.53
D7 0/0 0/0 0/2.34 3.06/0 0/2.89 3.06/5.23
D8 0/0 0/0 20.78/3.83 0/0 0/1.78 20.78/5.61
D9 0/0 0/0 0/4.88 0/0 0/0.40 0/5.29
1 0/0 0/0 20.78/23.85 3.06/0 10.15/17.75 33.99/41.6
E0 NA NA NA NA NA NA
El 0/0 0/0 0/0.21 0/0 13.94/0.21 13.94/0.43
E2 0/0 0/0 0/2.96 0/0 13.89/2.49 13.89/5.45
E3 0/0 0/0 3.83/6.28 0/3.15 15.60/5.72 19.43/15.15
E4 0/5.00 0/0 2.28/2.23 0/0 11.88/1.02 14.16/8.25
E5 0/3.41 0/0 0/5.92 4.68/7.33 7.44/7.65 12.12/24.32
E6 0/6.710/3.624.48/5.31 9.23/8.23 8.50/2.55 22.21/26.42
E7 0/0 0/0.954.65/7.16 7.75/1.79 4.37/7.53 16.77/17.43
E8 0/0 0/0 0/13.05 4.17/2.81 0/13.91 4.17/29.77
E9 0/0 0/0.66 0/17.66 0/5.64 0/20.71 0/44.68
E 0/15.120/5.2315.24/60.7825.83/28.9575.62/61.79116.90/171.8939
Pilot-Scale Fill and Draw Reactor Study
The pilot scale reactor was operated for twenty three seven-day fill and draw
cycles. Soil samples from treatment zones, and water samples from liquid mixingzones
and treatment zone sampling wells were extracted and analyzed for chlorophenols weekly.
Soil was fed a treatment mixture similar to that used for batch reactor series C. The
mixture was composed of IVF and nutrients, but no inoculum. Because the soil in the
pilot-scale reactor was saturated at the inception of the treatmentprocess, the
concentration of imitation vanilla flavoring in feed mixtureswas raised from 100 mg/L
COD to 150 mg/L COD. The molar concentrations of chlorophenols in saturated soil
during the treatment process are shown in Figures 12 through 16.
Background Concentrations of Chlorophenols in Soil and Soil Conditions
The pilot-scale reactor treated approximately 3.7m3 ofa contaminated
heterogeneous sand and clay mixture. Based on five samples, the soil mixture contained
an average of 7.1 mg/kg (27 gmol/kg) PCP (a = 0.42), and 0.012 mg/kg (0.052 gmol/kg)
2,3,5,6-TeCP (a = 0.0018). Treatment zones A and B contained soil removed from well
depths ranging from 18 to 22 feet and included small quantities of gravel and cobble.
Treatment zone C was filled with soil taken from a well depth of 15 to 18 feet andwas
composed mostly of clay and other fines, with very little gravel. The soilwas completely
saturated at the inception of the treatment procedure. Concentrations of chlorophenols in
five samples of soil pore water averaged 0.82 mg/L (3.1 gmol/L) PCP and 0.20 mg/L
(0.86 p.mol/L) 2,3,5,6-TeCP. Soil conditions, including CEC, pH and organiccontent
were identical to those measured as part of the bench scale study.40
PCP & 2,3,5,6-TeCP Removal
Over 160 days of treatment, PCP levels in soil zones A and B were reduced by
approximately 90 percent, from 27 gmol/kg to less than 3 p.mol/kg (Figure 12). The bulk
of PCP transformation occurred during the first week of treatment. PCP concentration in
zone C was reduced by more than 50 percent, and ranged from 5 to 10 gmol/kg. The
concentrations of 2,3,5,6-TeCP in zones A and B were reduced by approximately 80
percent over the first one hundred days of treatment with most of the removal occurring
during the first four treatment cycles (Figure 13). Chlorophenol analyses ofzone C soil
showed varying concentrations of 2,3,5,6-TeCP over the 160 day treatment period,
ranging from 0 Rmol/kg at the conclusion of week three to 0.065 .tmol/kg in week fifteen.
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Figure 12. Concentrations of PCP in pilot-scale reactor soil treatment zones over 23 cycles41
0.10
0.09
3 0.08
0.07
0.06
as
8 0.05
rclj
0.04
0.03
0.02
0.01
0.00
6 Zone A
eZone B
6 Zone C
0 20 40 60 80 100 120 140 160 180
time (days)
Figure 13. Concentrations of 2,3,5,6-TeCP in pilot-scale soil treatment zones over 23 cycles
Anaerobic PCP & 2,3,5,6-TeCP Transformation
The mass balance on chlorophenols indicated that soil treated in the pilot-scale
reactor responded to treatment similarly to bench-scale reactor series C. PCP and 2,3,5,6-
TeCP transformation in soils occurred almost entirely without the appearance of
dechlorinated metabolites (Figure 14). The production of metabolites from anaerobic
reductive dechlorination was sporadic in all treatment zones and accounted for less than
approximately 10 percent of all PCP and 2,3,5,6-TeCP removal (by molar mass). Fill and
draw treatment supported reductive dechlorination of PCP and 2,3,5,6-TeCP to 2,3,5-
TCP in treatment zone C, and 3,4,5-TCP in treatment zones A, B and C (Figures 15 and
16).42
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Figure 15. Production of 2,3,5-TCP in pilot-scale reactor soil treatment zones over 23 cycles43
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Figure 16. Production of 3,4,5-TCP in pilot-scale reactor treatmentzones over 23 cycles
Chlorophenol Washout
As in the bench-scale reactors, fill and draw treatment in the pilot-scalereactor
was successful at removing chlorophenols from soil without significant soil washing. To
determine the extent of chlorophenol mobility in the pilot-scale reactor, reactor effluent
from each fill and drain cycle was examined for PCP and lesser chlorinated phenols. The
only significant appearance of chlorophenols in drain water occurred during the first five
weeks of treatment. Through the fourth treatment cycle, 1.1 gmol 2,3,5,6-TeCP and 60.8
ginol PCP were removed from the reactor with fill and drain solutions. These losses
comprised 0.29% of the 2,3,5,6-TeCP and 0.03% of the PCP present in the soilreactor at
the inception of treatment (372 innol 2,3,5,6-TeCP; 19187 µcool PCP). Basedon an
average of soil and drain water samples taken during the first four cycles, washout44
contributed only 1 percent and 0.46 percent (by mass)to the overall removal of PCP and
2,3,5,6-TeCP, respectively, in the pilot-scalereactor (Table 5).
Table 5. Losses of PCP and 2,3,5,6-TeCP from soil(breakdown by soil treatment zone)
and losses due to washout, during cycles 1-4
Removal from soil
mass (pmol) percent of initial mass
PCP2,3,5,6-TeCPPCP2,3,5,6-TeCP
A 32310 53 94 79
B 33748 61 98 91
C 104988 133 85 56
Z 171046 247 89 66
Removal in drain mixtures
mass (tmol) percent of initial mass
PCP2,3,5,6-TeCPPCP2,3,5,6-TeCP
Z 61 1 0.04 0.40
Spatial Variability of Chlorophenols in Soil
PCP and 2,3,5,6-TeCP transformation during thetreatment process varied by
zone. The variability of chlorophenol degradation in the bioreactorwas possibly due to
the heterogeneity of soil and the effectiveness of the fill and drawbatch process. To
determine the extent of this variability, PCP and 2,3,5,6-TeCPconcentrations were
measured and compared with respect to horizontal and verticalposition in the pilot-scale
reactor. Samples taken at 30 cm intervals across soil treatmentzone A at the conclusion
of the fifth, sixth and seventh treatment cycles indicatedno trend in the concentrations of
chlorophenols over the area perpendicular to the treatment mixture flowfield (Table 6).
Concentrations of chlorophenols alsowere evaluated with soil depth. At the
conclusion of the fifth treatment cycle, soil sampleswere drawn from 60 cm and 120 cm
depths at the same location in each treatmentzone. Analyses of these samples were45
inconclusive and could not ascertain the possibility of changes in biodegradation potential
with vertical position in the pilot-scale reactor (Table 7).
Table 6. Variability of chlorophenol concentration with horizontal position in pilot-scale
reactor soil treatment zone A (gmol/kg)
Distance from
reactor wall (cm)
Week 5
2,3,5,6-
TeCP PCP
Week 6
2,3,5,6-
TeCPPCP
Week 7
2,3,5,6 -
TeCPPCP
30 0.0068 0.630.001 0.180.0013 0.23
60 0.0023 0.750.0081 0.210.0008 0.18
90 0.0038 0.150.0007 0.110.0078 0.82
120 0.0072 0.570.0052 0:710.0031 0.62
150 0.0008 0.120.0081 0.410.0058 0.28
variance0.0024 0.250.0032 0.190.0017 0.16
mean 0.0042 0.450.0046 0.320.0038 0.43
std dev. 0.0028 0.290.0036 0.240.003 0.28
Table 7. Variability of chlorophenols concentration with soil depth (p.mol/kg)
Soil
Zone
Depth
(cm)
2,3,5-
TCP
3,4,5-
TCP
2,3,5,6-
TeCP
2,3,4,5 -
TeCPPCP
A 60 ND ND 0.00150.013 0.22
A 120 0.021ND 0.00470.017 0.77
B 60 ND 0.0160.00090.012 0.63
B 120 0.0210.0110.00490.017 0.81
C 60 0.0220.0150.00460.024 0.92
C 120 0.013ND 0.00410.013 0.72
ND - none detected
Variability with horizontal and vertical position was inconsistent andwas possibly
due to soil heterogeneity and the preferential flow fields created by this condition.46
Differences in biodegradation and chiorophenol content associated withvertical location
could have been due to the method of fill solution delivery. The pilot-scalereactor was
designed to deliver nutrients and imitation vanilla flavoring inan upflow manner. Soil at
the top of the reactor was subject to a higher flux of fill mixtures, creatinga higher
concentration of electron donors and nutrients for chlorophenol transformationprocesses.
Soil at the bottom of the reactor wasmore likely to remain anaerobic over the treatment
period, creating a favorable environment for reductive dechlorination. Theextreme range
of chlorophenols indicated by the horizontal sampling studysuggests that variability due to
horizontal position is more likely due to soil heterogeneity thanreactor operation.
Imitation Vanilla Flavoring Surfactant Microcosm Study
Imitation vanilla flavoring was added to weekly fill solutionsat 100 mg/L COD to
serve as an electron donor for reductive dechlorination and as a substrate for cell growth.
The imitation vanilla flavoring used in this analysis contained four primarycomponents:
propylene glycol, ethyl vanillin, guaiacol, and sodium benzoate (Figure 17). Three of the
components, guaiacol, benzoate, and propylene glycol are suitable primary substrates for
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Figure 17. Structures of compounds composing imitation vanilla flavoring47
degradation of some chlorophenols (Kaslik et al., 1996). A comparison of anaerobic
metabolites present in reactor series A and C showed that imitation vanilla flavoringwas
an active electron donor for anaerobic reductive dechlorination as well (Figures 6 through
11). The presence of imitation vanilla flavoringwas a critical factor in determining the
transformation mechanisms in upflow reactors. Reactors containingno imitation vanilla
flavoring showed no anaerobic transformation products.
Apart from facilitating biotransformations, literature suggested that imitation
vanilla flavoring may also enhance the mobility of chlorophenols in saturated soilsystems.
Aromatic compounds have been shown to act as surfactants in saturated soils containing
chlorophenols (Khodadoust et al., 1994). A microcosm studywas conducted to
determine the potential of imitation vanilla flavoring as a surfactanton soil from the
McFarland-Cascade site (Appendix H). Soils were dosed with imitation vanilla flavoring
at concentrations ranging from 0 to 470 mg/L (as COD). The presence of imitation vanilla
flavoring resulted in slightly lower masses of PCP and 2,3,5,6-TeCP in theaqueous phase
over the 96 hour experiment duration, when compared to reactors without IVF (Figures
18 and 19). At the termination of the analysis, microcosms exhibitedan inverse
correlation between the concentration of imitation vanilla flavoring and themass of
chlorophenols in the aqueous phase (Table 8). Masses of 2,3,5,6-TeCP and PCP in
solution were lowest in microcosms treated with 470 mg/L imitation vanilla flavoring, and
increased as the inoculation concentration approached 0 mg/L COD. No reductive
dechlorination metabolites were found in theaqueous
phase.48
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Figure 18. PCP mass in aqueous form in soil/water microcosms treated with IVF
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Figure 19. 2,3,5,6-TeCP mass in aqueous form in soil/water microcosms treated with IVF49
Table 8. Imitation vanilla flavoring surfactant study- chlorophenols remaining in
soil/water microcosms (gg)
Imitation
Vanilla
mg/L COD
mass in soil at 0 hrs
2,3,5,6-
PCP TeCP
mass in liquid at 96 hrs
2,3,5,6-
PCP TeCP
% in liquid
2,3,5,6-
PCP TeCP
0 81.4 20.1 17.6 0.51 21.6 2.53
4.6 81.4 20.1 14.5 0.33 17.8 1.64
24 81.4 20.1 13.0 0.17 16.0 0.84
46 81.4 20.1 13.2 0.13 16.2 0.65
230 81.4 20.1 12.6 0.18 15.9 0.89
470 81.4 20.1 11.9 0.16 14.6 0.79'50
Discussion - Evaluation of Fill and Draw Batch Reactor Technology
The reactor treatment mixtures were created to evaluate the effects of a number of
conditions on the fill and draw batch process. Different reactor series were devised to
assess and compare the biochemical processes promoted by fill and draw treatment in the
presence of imitation vanilla flavoring, wastewater sludge supernatant, and an anaerobic
feed mixture. The composition of reactors and the number of reactor series were limited
by the desire to test a specific treatment process on soil. Reactor series A was designated
as the base series and was fed only deionized water. Sterilized control reactors were not
used in this analysis because their organic content would not accurately represent soil that
might be treated using sequencing batch reactors. If accomplished through heat treatment,
soil sterilization might significantly affect chlorophenol sorption and desorption, and soil
hysteresis. Reactors B and C were configured to compare chlorophenol removal in the
presence of similar feed mixtures maintained under anaerobic or sequential
aerobic/anaerobic conditions. Series A and series C were used to evaluate the potential of
IVF as an electron donor and primary substrate. Series C, D and E were used to evaluate
the transformation and removal of chlorophenols in the presence of an acclimated biomass.
Effect of Imitation Vanilla Flavoring Addition
Laboratory analyses indicated that IVF served as an electron donor for reductive
dechlorination of PCP and 2,3,5,6-TeCP-in soils without significantly solubilizing these
chlorophenols. This was true for bench-scale (Table 3), pilot-scale (Table 5), and
microcosm (Table 8) experiments. A comparison of chlorophenol removal and
transformation in bench-scale reactor series A and C was made to evaluate the reductive
dechlorination of PCP in the absence (series A) and presence (series C) of an electron
donor. PCP and 2,3,5,6-TeCP were removed similarly in series A and C (Figure 20a).
Reductive dechlorination products of PCP and 2,3,5,6-TeCP were not observed in51
significant quantities in series A, but did appear in effluent treatment solutions from
reactor series C (Figure 20b).
The surfactant microcosm test suggested that there was no enhancement of
chlorophenol mobility in bench scale reactors or in the pilot-scale reactor from the
addition of IVF in the range of 46 mg/L COD to 230 mg/L COD. In microcosms
containing IW at 46 mg/L COD, masses of PCP and 2,3,5,6-TeCP found in solutionwere
13.2 12g and 0.13 Kg, respectively (Table 8). PCP and 2,3,5,6-TeCP levels in theaqueous
phase of microcosms treated with 230 mg/L COD were similar; 12.6 p.g and 0.18Kg,
respectively. These masses were slightly higher than series A, treated withno IVF, which
showed 17.6 Kg of PCP and 0.51 p.g 2,3,5,6-TeCP in solution.
Effect of Anaerobic vs. Aerobic Treatment Mixtures
The oxygen content of feed mixtures had a nominal effect on the removal of
2,3,5,6-TeCP and PCP in bench-scale reactors treated with IVF. Reactors fed a deaerated
feed solution (series B) achieved 75.3 percent removal of PCP and 79.5 percent removal
of 2,3,5,6-TeCP (Table 3). When oxygen was not purged from feed mixtures, removal of
PCP and 2,3,5,6-TeCP totaled 70.9 percent and 82.2 percent, respectively (series C). The
presence of an anaerobic feed mixture facilitated reductive dechlorination of PCP and
2,3,5,6-TeCP to 3,5-DCP in series B reactors, while oxygenated treatment mixtures
achieved reductive dechlorination to 3,4,5-TCP and 2,3,5-TCP (Figure 21).
Deoxygenated treatment mixtures may have been more successful at transforming
tetrachlorophenols. The levels of 2,3,5-TCP and 3,4,5-TCP measured in series B were
noticeably higher than those measured in series C.0.60
0.50
52
-Series A - 2,3,5,6-TeCP
Series A - PCP
aSeries C 2,3,5,6-TeCP
a Series C - PCP
TD
0.40
-6 0.30
0.20
U
0.00
0
0.06
10 20 30 40 50 60 70
time (days)
0.05
- *Series A - 2,3,5-TCP
Series A - 2,3,4,5-TeCP
Series C - 2,3,5-TCP
a Series C - 3,4,5-TCP
a Series C - 2,3,4,5-TeCP
0
0 10 20 30 40
time (days)
50 60 70
Figure 20a. PCP and 2,3,5,6-TeCP removal in bench-scale reactor series A and C
Figure 20b. Dechlorination metabolites in bench-scale reactor series A and C53
0.07
0.06
0.05
I
0.04
E
0.03
P.
0.02
-0- - Series B - 2,3,5-TCP
0-- Series B - 3,4,5-TCP
* Series C - 2,3,5-TCP
Series C - 3,4,5-TCP
k Series B - 3,5-DCP
0.01 '
0 4 i of i t
0 10 20 30
a
1
;
time (days)
40 50 60 70
Figure 21. Production of reductively dechlorinated metabolites 2,3,5-TCP, 3,4,5-TCP
and 3,5-DCP in bench-scale reactor series B and C
Effect of Anaerobic Wastewater Sludge Supernatant Addition
Inoculated anaerobic wastewater sludge supernatant was added to bench-scale
reactor series D and E to increase the presence of chlorophenol-degrading bacteria in the
saturated soil systems. The result was slightly enhanced transformation by reductive
dechlorination and a closed reactor system in which nominal losses of chlorophenols
occurred due to washout of chlorophenols in treatment mixtures. In comparison to un-
inoculated reactors treated with IW (series C), reactor series D demonstrated no greater
removal of 2,3,5,6-TeCP (Figure 22). Series E reactors, which contained four times the
concentration of sludge supernatant found in series D reactors, was no more successful at
removing PCP. Because of the range of data standard deviation, comparing removal in
reactors series C, D and E is difficult (Table 3).It is clear, however that reactors
containing wastewater sludge supernatant demonstrated100
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Figure 22. Chlorophenol removal efficiencies in bench-scale reactor series C, D and E
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more complete anaerobic transformation of PCP and 2,3,5,6-TeCP compared to reactors
containing no inoculum. Inoculated reactors (series D and E) were able to promote
reductive dechlorination of PCP and 2,3,5,6-TeCP to 3,5-DCP over nine week experiment
duration, while un-inoculated reactors produced only trichlorophenols, 2,3,5-TCP and
3,4,5-TCP (Appendix P, Figures 25 through 29). Feed solutions for reactors series D and
E contained up to 4.16 gg PCP and 4.82 lig 2,3,5,6-TeCP, both complexed with organic
matter and dissolved in water. Adding inoculated sludge increased the chlorophenol mass
in the aqueous phase of these reactors. Additions of chlorophenols increased
concentrations in reactor series D and E reactors such that they experienced no net loss of
chlorophenols from fill and drain procedures (Table 9). The weekly change in
chlorophenol mass from inoculated treatment mixtures was minimal. Measured as percent
of the total mass in the soil/water system, variations in the total mass of chlorophenols due55
to the inoculum ranged from -0.37 to +2.58 percent in series D and -7.59 to +2.30 percent
in series E (Table 9).
Table 9. Cumulative change in mass of chlorophenols in sludge-inoculated bench-scale
reactors due to fill and drain process (nmol)
Reactor
Series/Cycle drained added
added -
drained
% change
of CPs
DO 0.00 0.00 0.00 0.00
D1 0.83 2.58 1.75 0.30
D2 10.07 2.56 -7.51 -1.28
D3 2.38 3.03 0.65 0.11
D4 4.20 1.98 -2.22 -0.38
D5 4.46 0 -4.46 -0.76
D6 3.53 0 -3.53 -0.60
D7 5.23 3.06 -2.17 -0.37
D8 5.61 20.78 15.17 2.58
D9 5.29 0.00 -5.29 -0.90
E0 0.00 0.00 0.00 0.00
El 0.43 13.94 13.51 2.30
E2 5.45 13.88 8.43 1.43
E3 15.15 19.43 4.28 0.73
E4 8.25 14.16 5.91 1.00
E5 24.32 12.12 -12.20 -2.07
E6 26.42 22.21 -4.21 -0.72
E7 17.43 16.77 -0. 66 -0.11
E8 29.78 4.17 -25.61 -4.35
E9 44.67 0.00 -44.67 -7.59
The primary drawback to treatment with inoculated sludge supernatant was the
creation of chlorophenol-contaminated effluent solutions. Any full-scale application of fill
and draw technology must be designed to compensate for the production of process
byproducts,56
including hazardous wastes. Drain solutions from each reactorwere collected and
examined for chlorophenol content at the conclusion of the nine-week long treatment
cycle. Analyses show that drain solutions contained chlorophenols at concentrations
below the Universal Treatment Standards for process wastewater (Table 10).
Concentrations of chlorophenols in drain solutions were far below contaminant
solubilities, suggesting that treating soil with a higher content of PCP and 2,3,5,6-TeCP
via fill and draw reactors may require secondary treatment for drain solutionsor the use of
an inoculum free of chlorophenols.
Table 10. Concentrations of chlorophenols in bench-scale reactor effluent (gg/L)
Reactor
Series
volume
(mL)
2,3,5-
TCP
3,4,5-
TCP
2,3,5,6-
TeCP
2,3,4,5 -
TeCP PCP
A 979 0.00 0.00 5.78 0.00 4.73
B 1103 0.00 0.00 11.92 0.00 10.00
C 978 0.00 0.00 4.97 0.00 2.05
D 951 0.00 0.00 5.82 0.00 4.98
E 888 3.36 1.16 15.91 7.56 18.54
UTS' 30 30 89
'Universal Treatment Standards USEPA Fed. Reg. Sec 268.48 v61,no. 68 pp 15565-
15660.
Transformation of Soil-Bound Contaminants vs. Water Borne Contaminants
One of the goals of this study was to treat chlorophenol-contaminated soil without
promoting soil washing. Adding sludge to reactors may have enhanced the solubility of
chlorophenols in the saturated soil system. One of the concerns in adding inoculated
wastewater sludge supernatant to soil reactors was that reductive dechlorination would
occur for the aqueous phase chlorophenols present in the inoculum, leaving the soil-bound
contaminants untreated. To verify the removal and transformation of chlorophenols57
sorbed to soils, it was essential to evaluate the transformation of chlorophenols inun-
inoculated reactors and the timeliness of the appearance of anaerobic metabolites of PCP
and 2,3,5,6-TeCP in both un-inoculated and inoculated reactors. Chlorophenol data from
fill and drain solutions and soil samples taken from bench-scale reactors indicated that
most of the transformation of chlorophenols originated from PCP and 2,3,5,6-TeCP
sorbed to soil or complexed in soil pore water.
In reactor series B and C, dechlorinated metabolites were found at quantities and
during specific treatment cycles that indicated their origin was soil-bound PCP and
2,3,5,6-TeCP. Treatment mixtures for reactor series B and C containedno wastewater
sludge, yet both reactor series demonstrated reductive dechlorination of PCP and 2,3,5,6-
TeCP to trichlorophenols (Figures 9 and 10). The possibility of trichlorophenols being
generated from PCP and tetrachlorophenols washed from soils was not likely. Although
trace levels of PCP and 2,3,5,6-TeCP were found in drain solutions, concentrationswere
usually insufficient to generate molar masses of 2,3,5-TCP and 3,4,5-TCP found in soil
samples (Table 11).
Table 11. Mass of 2,3,5,6-TeCP and anaerobic metabolites (nmol) in bench-scalereactors
time,
days
mass in soil
2,3,5- TCP 3,4,5- TCP
series B series Cseries B series C
mass in liquid
2,3,5,6- TeCP
series B series C
0 0.00 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00 1.39 1.38
14 0.00 0.00 0.00 0.00 0.66 0.85
21 9.63 6.77 0.00 0.00 2.41 0.00
28 18.61 4.41 11.54 0.00 0.00 0.00
35 24.90 11.9019.92 0.00 0.00 0.00
42 0 10.9267.6324.91 0.00 0.00
49 26.34 19.6323.92 7.71 0.00 0.00
56 25.42 15.1322.9221.12 17.81 8.46
63 29.61 17.8150.8251.44 0 1.6558
An example of this relationship occurred during the first three treatment cycles,
during which 2,3,5,6-TeCP measured in the aqueous contents of series B and C measured
a maximum of 2.41 nmol and 1.38 nmol, respectively. Levels of 2,3,5-TCP in soil were
measured at 9.63 nmol and 6.77 nmol in reactors B and C. This pattern continued
through the following four cycles, when 2,3,5-TCP was generated in soil samples without
any measurable 2,3,5,6-TeCP in the effluent or influent liquid treatment mixtures. The
production of 3,4,5-TCP was similar. 3,4,5-TCP appeared in un-inoculated reactor soil
samples in cycles five through nine, yet it's parent compound, 2,3,4,5-TeCP never
appeared in drain solutions.
In sludge-inoculated reactors D and E, the appearance of trichlorophenols was a
direct result of reductive dechlorination of PCP and 2,3,5,6-TeCP sorbed to soil or
complexed with soil pore water. This conclusion was based on the timeliness of the
appearance of parent compounds in drain solutions and the molar quantities of metabolites
found in soil samples. 2,3,4,5-TeCP was introduced to reactor series D and E fill
solutions as part of the chlorophenol-acclimated inoculum during the seventh and third fill
and drain cycles, respectively. 2,3,5-TCP and 3,4,5-TCP appeared in soil samples from D
and E series reactors by the third week of reactor operation, but never appeared in drain
solutions. This suggested that 2,3,5-TCP and 3,4,5-TCP originated from soil bound
tetrachlorophenols and remained sorbed to soil. 2,3,5,6-TeCP was measured in fill and
drain solutions prior to the appearance of 2,3,5-TCP, suggesting that 2,3,5-TCP could
have been generated from ortho dechlorination of aqueous 2,3,5,6-TeCP. This possibility
is not probable. In inoculated reactor series, molar quantities of 2,3,5,6-TeCP appeared in
drain solutions at levels which were insufficient to generate molar quantities of 2,3,5-TCP
found in saturated soil during the first three weeks of treatment.
Removal and Transformation of PCP and 2,3,5,6-TeCP
Transformation of 2,3,5,6-TeCP and PCP in bench-scale and pilot-scale reactors
was expected to occur under both anaerobic and aerobic conditions, but more readily in59
anaerobic soil conditions (Boyd et al., 1990). Our expectationwas that by alternating
aerobic and anaerobic conditions we would remove the bulk of chlorophenolsby
oxidation, leaving the more recalcitrant contaminants to be transformedanaerobically. Fill
and draw batch reactors were operatedas flooded soil systems. Flooding soil results in a
rapid decrease in oxygen content of soilpore water and an increase in CO2 from microbial
respiration. This creates an anaerobic environment in which chlorophenolbiodegradation
is dominated by reductive dechlorination (Sposito, 1989). Experimentalresults suggested
that chlorophenols were transformed by anaerobic reductive dechlorination,but also by
another unknown method. Examination of themass balances indicated that in both bench
and pilot-scale experiments, (Figures 21 and 22)a decrease in PCP and 2,3,5,6-TeCP
occurred over the first two fill cycles without proportionate increases indechlorinated
metabolites. Clearly, dechlorination was not the dominant factor inremoval of PCP and
2,3,5,6-TeCP from each bench-scale reactor or soil treatmentzone.
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Due to sampling variability, the extent of anaerobic transformation in thepilot-
scale reactor was impossible to quantify, however, examination of themass balance clearly
showed that during the first six weeks, over 50 percent of PCP and2,3,5,6-TeCP were
removed from each soil treatment zone. This removal occurred withoutthe observation of
dechlorinated metabolites in soil, soil pore water,or recycled liquid treatment mixtures.
Several mechanisms for removal of PCP and 2,3,5,6-TeCPwere possible,
including biotransformation, volatilization and chemical complexation.A review of
approximately two hundred articles showed no information regarding abiotic
transformations of chlorophenols in flooded soils. Although aerobicmetabolites of
chlorophenols were not measured as part of this analysis, removal ofPCP and 2,3,5,6-
TeCP that could not be accounted for in the production of anaerobicmetabolites was
expected to be due to aerobic processes.
The possibility of aerobic transformation in bench-scalereactors was supported by
a correlation between the appearance of anaerobic metabolites and the theoreticaloxygen61
content in soil reactors. Both oxygen dissolved in soil water, and molecular oxygen are
known to promote aerobic metabolism of chlorophenols (Boyd et al., 1989). In bench-
scale reactors, oxygen available from feed mixtures was minimal. The treatment mixtures
for reactor series A contained a maximum of 385 p.g of dissolved oxygen per cycle (based
on the solubility of oxygen in water at 20°C). Reactor series B through E were treated
with solutions containing only trace levels of dissolved oxygen and IW at 100 mg/L as
COD (3.5 mg/cycle), yet all demonstrated losses of chlorophenols without generating
dechlorinated metabolites. Any possible aerobic transformation was likely supported by
the oxygen entrained in soil at the initiation of treatment. Most of the PCP and 2,3,5,6-
TeCP removal without dechlorination metabolites occurred during the first two treatment
cycles when the oxygen content of bench-scale reactors was highest. During the first two
cycles, oxygen was being flushed from the reactors by the incoming treatment mixtures,
yet pockets of dried soil were likely to remain undisturbed. The proposed aerobic
transformation in the pilot-scale reactor was similarly correlated with oxygen content.
PCP and 2,3,5,6-TeCP removal without dechlorination metabolites occurred after the
completely saturated soil of the reactor was initially drained and re-filled with treatment
mixture.
Transformation and Mass Transfer Limitations
In bench-scale reactors, the presence of recalcitrant chlorophenols and the pattern
of transformation over the course of treatment suggestedthat removal of PCP and
2,3,5,6-TeCP from soil was mass transfer limited. Bench-scale reactors were sucessful at
removing PCP and 2,3,5.6-TeCP from saturated low-permeability soil, but as in many
cases where soil has been exposed to contaminants over long periods of time, complete
removal did not occur. Some chlorophenols remained entrained in the saturated soil
system, unaffected by the treatment process. In reactor series A through E, between
approximately 12 percent and 30 percent of PCP and 12 percent to 20 percent of 2,3,5,6-
TeCP remained in soil through nine weeks of treatment. Removal in bench-scale reactors62
occurred predominantly during the first four weeks of treatment (Figure 6 and Figure 7).
The masses of PCP and 2,3,5,6-TeCP measured in each reactor similar from the fourth
through ninth treatment cycle, suggesting that the bioavailability of PCP and 2,3,5,6-TeCP
was limited.
Removal Kinetics
The rates of removal of chlorophenols in soil systems can be modeled using
standard reaction kinetics. Reaction kinetic modeling is used to determine rate constants
to represent several operational factors in soil reactor systems, including
sorption/desorption phenomena, and biodegradation. Data from the first four treatment
cycles were used to determine the reaction kinetics of the bench-scale reactors. This data
suggested that the removal of PCP and 2,3,5,6-TeCP from bench-scale reactor series B
through E followed first order kinetics (Figure 6 and Figure 7). The first order kinetic
models for bench-scale reactor operation appear in Appendix P (Figures 46 through 55).
The removal rate constants for PCP ranged from .047 day"' to .055 day-1. Rate constants
for 2,3,5,6-TeCP varied from .70 gmol/day to .072 gmol/day. The removal and
transformation of soil contaminants in series A did not resemble zero, first or second order
kinetics.63
Summary and Conclusions
Fill and Draw Batch Reactor Evaluation
In the past, ex-situ treatment of large quantities of chlorophenol-contaminated soil
has been conducted mostly by landfarming or similar techniques. Landfanning requires
the use of costly earth moving equipment and a substantial amount of space. At industrial
complexes where space and equipment are readily available, and the volume of
contaminated soil is extremely large, landfarming is a viable treatment method. In wood
treatment facilities it is sometimes necessary to treat smaller-sized quantities of
contaminated soil. Once excavated for ex-situ treatment, soils become a commingled
mess of several different soil and gravel types .Because of their heterogeneous nature,
soil mixtures can be highly impervious to fluids. Although the use of bioreactors for ex-
situ treatment of chlorophenol contaminated soils has usually been limited to laboratory-
scale endeavors, a self-contained bioreactor designed to treat these smaller volumes or
low-permeability soil would appeal to facility owners and operators.
The objective of this study was to design, build and implement a pilot-scale fill and
draw batch reactor capable of bioremediating 3.7 cubic meters of low permeability,
chlorophenol-contaminated soil from a wood treatment facility. The reactor was designed
to infuse soil with a liquid treatment mixture, promoting aerobic respiration and reductive
dechlorination under sequential aerobic/anaerobic conditions. A concurrent bench-scale
study was conducted to optimize the remediation process by comparing the effects of
augmenting treatment mixtures with imitation vanilla flavoring as an electron donor and
primary substrate, and the supernatant from anaerobic wastewater sludge. Chlorophenol
removal from soil in the presence of an anoxic treatment mixture was also evaluated.
The results of the pilot-scale study indicated that treatment via the fill and draw
process, using a recycled mixture containing imitation vanilla flavoring, resulted in
approximately 90 percent removal of PCP and 80 percent removal of 2,3,5,6-TeCP (by
mass) from soil treatment zones A and B, and 50 percent removal of PCP in soil treatment64
zone C. Removal of PCP and 2,3,5,6-TeCP from contaminated soil occurred via
anaerobic reductive dechlorination but was dominated bysome unknown, probably
aerobic microbial process. The transformation and removal of PCPand 2,3,5,6-TeCP
occurred without washing chlorophenols from soils.
Bench-scale fill and draw batch reactorswere successful at removing between 53
and 81 percent of PCP and 70 to 97 percent of 2,3,5,6-TeCP of fromcontaminated soil
using treatment solutions of varied composition. A microcosmstudy showed that in
addition to serving as an electron donor for reductive dechlorination,imitation vanilla
flavoring did not enhance the solubility of chlorophenols intreatment mixtures. The
addition of anaerobic wastewater sludge supernatantto treatment mixtures resulted in
more complete anaerobic transformation of chlorophenols. As in the pilot-scalereactor,
only small levels of anaerobic reductive dechlorination productswere observed in bench-
scale reactors. Treating soil with de-oxygenated feed mixtures resulted inmore complete
removal of chlorophenols and increased the rate of production of dechlorinated
metabolites. Chlorophenols removed from bench-scalereactors originated almost
exclusively from soil-bound contaminants.
The objective of this study was to develop and demonstratea bioreactor capable of
bioremediating 3.7 cubic meters of low permeability, saturated soil,contaminated with
PCP and 2,3,5,6-TeCP. Remediation was tooccur without soil washing. Results
indicated that the pilot-scale reactor was successful at reducing PCPand 2,3,5,6-TeCP
mass in soil without increasing contaminant solubility, using a feed mixture containing only
imitation vanilla flavoring and a mixture or nutrients and vitamins. Bench-scaletests
indicated that significant removal of chlorophenols could be achievedwithout soil
washing, using a variety of treatment mixtures, includingtap water.
Engineering Significance
The pilot-scale fill and draw reactor offersan viable alternative to other ex-situ
remediation techniques including landfarming andmore complex bioreactors. Fill and65
draw batch bioreactors are a simple and effective means of treating low permeabilitysoils
contaminated with chlorophenols. They hold several advantagesover alternative
bioremediation and disposal schemes, including size,ease of operation and maintenance,
and cost.
Fill and draw bioreactors of this typeare an appropriate choice for biological
treatment of soils when space is a primary concern. Reactorscan be manufactured to a
wide range of capacities from any non-permeable, non-reactive material, including
inexpensive steel drums and poly-vinyl chloride tanks. Bioreactor size is limitedonly by
the soil properties and the availability of low-flow, highpressure pumps capable of
delivering and extracting feed solutions. Bioreactorscan be stored in sheds away from
plant operation and maintained at temperatures ideal for microbial performance,or they
can be placed in yards, exposed to ambient environmental conditions. Reactors weighing
up to several tons can easily by moved by materials handling equipment, such as forklifts,
improving the versatility of the bioremediation scheme.
One of the main advantages of the fill and draw bioreactor scheme is its inherent
simplicity and ease of operation. Fill and draw reactorscan easily be constructed by a
skilled welder. Operating the reactors requires no special knowledgeor training and can
easily be conducted by skilled or unskilled workers. Unlike landfanning, filland draw
reactors require no expensive equipment. Unlike similar types of similar bioreactors that
employ a cross-flow technique to flush and treat contaminated soil, fill and drawreactors
require no hard-piped equipment, making them easier to maintain andoperate. For this
study, the only equipment used in the treatment processwas a small, submersible pump
and a length of PVC hose. Using fill and draw reactors, soil treatmentcan be
accomplished at almost any type of industrial facility, by personnel skilled inany one of a
variety of disciplines.
The inexpensive construction, easy operation and.low maintenance characteristics
of fill and draw reactors make them a financially viable alternativeto other bioremediation
schemes. The reactor used in this analysis was constructed using materials costing less
than two-thousand dollars. Operating costs for fill and draw treatmentare defined by the
type of feed mixture and the power and maintenance requirements of apump. A total of66
approximately twenty liters of imitation vanilla flavoringwas used for this study. The IVF
was formulated in-house, at a cost of under one dollar per liter. Purchasinga similar
solution from a wholesale vendor would significantly increasetreatment costs. Results of
these analyses indicated that comparable treatment of chlorophenolscan be achieved by
treatment with a feed mixture augmented with anaerobicwastewater sludge and an
extrinsic electron donor, and a feed solution containing onlytap water. Using a simple
feed mixture such as tap water could substantially reduce thecost of treatment.
In this baseline test of the pilot-scale fill and drawreactor, the total materials cost
of treating 4 cubic yards of soil was approximately 2000 dollars.At a cost of 500 dollars
per cubic yard, or approximately 100 dollars per 55 gallon drum, treatment via fill and
draw bioreactors is comparable to transport and disposal ofsoil as hazardous waste.
Transportation and disposal at a hazardous waste landfillor incineration can cost several
hundred dollars per 55 gallon drum. But fill and drawreactors are re-usable and treatment
costs on a per yard basis reduce significantly as the reactor is used, emptied andrefilled.
Fill and draw reactors are less expensive in the long-term.
Recommendations for Future Research
The success of this study suggests thateven lower permeability soils and
contaminated mixtures could be treated by thesame process. Treatment of low
permeability soils by fill and draw batch reactorswas contingent on the dispersion of the
fill mixtures. Distribution of electron donors and anaerobic bacteria,depended on the soil
structure and supply pump characteristics. Soils treated in this analysiswere of
moderately-low permeability. With an augmented delivery and extractionsystem, or by
using a pressurized vessel, treatment of contaminated mixtures suchas wood debris from
shop floors, sweepings from wood treatment vesselsor extremely low permeability soils
could be possible.Pre-treating soils could also improve the effectiveness of fill and draw
bioreactors. In cases where soil permeability impairs the distribution oftreatment
mixtures, soil could be mixed with gravel. In other cases, soil could be augmentedwith67
humic matter to increase organic content or a variety of chemicals to adjust soil pH,
nitrate or sulfate content or a any number of parameters, as needed.67
Bibliography
Apajalahti, J., and M. Salkinoja-Salonen. 1984. Absorption of pentachlorophenol
(PCP) by bark chips and its role in microbial PCP degradation. Microbial Ecology.
10:359-367.
Apajalahti, J., and M. Salkinoja-Salonen. 1986. Degradation of polychlorinated
phenols by Rhodococcus chlorophenolicus. Applied Microbiology and Biotechnology.
25:62-67.
Banerji, S. K., S.M Wei, and R. K. Bajpai. 1993. Pentachlorophenol interactions with
soil. Water, Air and Soil Pollution. 69:149-163.
Bellin, C. A., G. A. O'Connor, and Y. Jin. 1990. Sorption and Degradation of
Pentachlorophenol in Sludge-Amended Soils. Journal of Environmental Quality. 19:603-
608.
Boyd, S.A., and D.R. Shelton. 1984. Anaerobic biodegradation of chlorophenols in
fresh and acclimated sludge. Applied Environmental Microbiology. 47:272-277
Boyd, S.A., M.D. Mikesell, and J.F Lee. 1989. Reactions and Movement of Organic
Chemicals in Soils. Soil Science Society of America and American Society of Agronomy.
209-228.
Bumpus, J.A., T. Fernando, M. Jurek, G.J. Mileski and S.D. Aust. 1989. Biological
treatment of hazardous waste by Phanerochaete chrysosporium. Proceeding of
Conference on Biotechnology Applications in Hazardous Waste Treatment, 30 Oct.-4
Nov., 1988. 167-183. Engineering Foundation, New York.
Chiou, C., T.D. Shoup, and P.E. Porter. 1985. Mechanistic roles of soul humus and
minerals in the sorption of ion-ionic organic compounds from aqueous and organic
solutions. Organic Geochemistry. 8:9-14.
Chu, J.P., and E.J. Kirsch. 1972. Metabolism of pentachlorophenol byan axenic
bacterial culture. Applied Microbiology. 23:1033-1035.
Chu, J.P., and E.J. Kirsch. 1973. Utilization of halophenols by a pentachlorophenol
metabolizing bacterium. Developmental and Industrial Microbiology. 14:264-273.
Chung, N., and S.D. Aust. 1995. Degradation of pentachlorophenol in soil by
Phanerochaete chrysosporium. Journal of Hazardous Materials. 41:177-185.68
Colores, Gregory M., Petra M. Radehaus, and Steven K. Schmidt. 1995. Use ofa
Pentachlorophenol Degrading Bacterium to Bioremediate Highly Contaminated Soil.
Applied Biochemistry and Biotechnology. 54:271-276.
Crawford, R.L., and W.W. Mohn. 1985. Microbiological removal of
pentachlorophenol from a soil using a Flavobacterium. Enzyme Microbiology
Technology. 7:617 -620.
Crosby, D.G. 1981. Environmental chemistry of pentachlorophenol. Pure Applied
Chemistry. 53:1051-1080.
Cserjesi, A. J. 1967. The adaptation of fungi to pentachlorophenol and its
biodegradation. Canadian Journal of Microbiology. 13:1243-1249.
Cserjesi, A.J., and E. Johnson. 1972. Methylation of pentachlorophenol by
Trichoderma virgatum. Canadian Journal of Microbiology. 45:1122-1125.
Dragun, J. The Soil Chemistry of Hazardous Waste. 1988. The Hazardous Materials
Control Research Institute. Maryland.
Edgehill, R.U. 1994. Pentachlorophenol removal from slightly acid mineral salts,
commercial sand, and clay soil by recovered Arthrobacter strain ATCC 33790. Applied
Microbiology and Biotechnology. 41:142-148.
Edgehill, RU., and R.K. Finn. 1982. Isolation, characterization, and growth kinetics of
bacteria metabolizing pentachlorophenol. European Journal of Applied Microbiology and
Biotechnology. 16:179-184.
Edgehill, R. U., and R.K. Finn. 1983. Microbial treatment of soil to remove
pentachlorophenol. Applied Environmental Microbiology. 45:1122-1125.
Englehardt, G., P. Wallnofer, and W. Mucke, and G. Renner. 1986.
Transformations of pentachlorophenol. II. Transformations under environmental
conditions. Toxicological Environmental Chemistry. 11:233 -252.
Ferro, Ari M., Ronald C. Sims, and Bruce Bugbee. 1994. Hycrest Crested
Wheatgrass Accelerates the Degradation of Pentachlorophenol in Soil. Journal of
Environmental Quality.
23:272-278.
Galil, N.I. and J.T. Novak. 1995. Pentachlorophenol-induced release of soil organics
and colloids. Water Research. 29:1533-1539.69
Haggblom, M.M. and R.J. Valo. 1995. Bioremediation of Chlorophenol Wastes.
Microbial Transformation and Degradation of Toxic Organic Chemicals. Wiley-Liss, Inc.
389-434.
Hu, Zhong-Cheng, R.A. Korus, W.E. Levinson, and R.L. Crawford. 1994.
Adsorption and Biodegradation of Pentachlorophenol by Polyurethane-Immobilized
Flavobacterium. Environmental Science and Technology. 28:491-496.
Ide, A., Y. Kiki, F. Sakamoto, L Watanabe, and H. Watanabe. 1972. Decomposition
of pentachlorophenol in paddy soil. Agricultural Biological Chemisty. 36:1937-1944.
Kaslik, P.J., 1996. Down-Borehole Permeable Barrier Reactor: Primary Substrate
Selection for Aerobic Dichlorophenol Degradation: Masters Thesis. Corvallis, OR:
Oregon State University.
Khodadoust, A.P., J.A. Wagner, T.S. Makram, and S.I. Safferman. 1994. Solvent
washing of PCP contaminated soils with anaerobic treatment of wash fluids. Water
Environmental Research. 66:692-697.
Kitunen, V.H., R. Valo, M. Salkinoja-Salonen. 1987: Contamination of soil around
wood-preserving facilities by polychlorinated aromatic compounds. Environmental
Science and Technology. 13:416-423.
Kuwatsuka, S., and M. Igarashi. 1975. Degradation of pentachloropheol in soils. H.
The realtionship between the degradation of PCP and the properties of soils, and the
identification of the degradation products of PCP. Soil Science and Plant Nutrition.
21:405-414.
Lafrance, Pierre, Leon Marineau, and Jean-Pierre Villeneuve. 1994. Effect of
natural dissolved organic matter found in groundwater on soil adsorption and transport of
pentachlorophenol. Environmental Science & Technology. 28:2314-2320.
LaGrega, M.D., P.L. Buckingham and J.C. Evans. 1994. Hazardous Waste
Management. McGraw-Hill. New York.
Lamar, Richard T., and Diane M. Dietrich. 1990. In Situ Depletion of
Pentachlorophenol from Contaminated Soil by Phanerochaete spp. Applied and
Environmental Microbiology.
56:3093-5097.
Lamar, Richard T., Mark W. Davis, and John A. Glaser. 1994. Treatment of a
pentachlorophenol and creosote-contaminated soil using the lignin-degrading fungus
Phanaerochaete sordida: a field demonstration. Soil Biology & Biochemistry. 26:1603-
1609.70
Lamar, Richard, James T. Evans, and John A. Glaser. 1993. Solid-phasetreatment
of a pentachlorophenol-contaminated soil using lignin-degrading fungi. Environmental
Science & Technology. 27:2566-2572
Lamar, Richard T., John A. Glaser, and Kent T. Kirk. 1990. Fate of
Pentachlorophenol (PCP) in sterile soils inoculated with the white-rot basidiomycete
Phanerochaete chrysosporium: mineralization, volatization and depletion of PCP. Soil
Biology & Biochemistry. 22:433-438.
Liang, R., and M.J. McFarland. 1994. Biodegradation of Pentachlorophenol in Soil
Amended with the White Rot Fungus Phanerochaete chrysosporium. Hazardous Waste
& Hazardous Materials. 11:411-420.
Loske, D., A. Hutterman, A., Majcherczyk, F. Zadrazil., H. Lorsen and P.
Waldinger. 1990. Use of white-rot fungi for the clean-up of contaminated sites.
Advances in Biological Treatment of Lignocellulosic Materials (M.P. Coughlan and
M.Y.A. Collaco, Eds.), 311-321. Elsevier Applied Science, London.
McBride, M.B. 1987. Adsorption and oxidation of phenolic compounds by iron and
manganese oxides. Soil Science Society of America Journal. 51:1466-1472.
Middeldorp, P.J.M., M. Briglia, M.S. Salkinoja-Salonen. 1990. Biodegradation of
Pentachlorophenol in Natural Soil by Inoculated Rhodococcus chlorophenolicus.
Microbial Ecology. 20:123-128.
Miethling, Rona and Ulrich Karlson. 1996. Accelerated Mineralization of
Pentachlorophenol in Soil upon Inoculation with Mycobacterium chlorophenolicum PCP1
and Sphingomonas chlorophenolica RA2. Applied and Environmental Microbiology.
62:4361-4368.
Mikesell, M.D., and S.A Boyd. 1985. Reductive dechlorination of the pesticides 2,4-D,
2,4,5-T, and pentachlorophenol in anaerobic sludges. Journal of Environmental Quality.
14:337-340.
Mikesell, M.D., and S.A Boyd. 1986. Complete reductive dechlorination and
mineralization of pentachlorophenol by anaerobic microorganisms. Applied
Environmental Microbiology. 52:861-865.
Mikesell, M.D., and S.A Boyd. 1988. Enhancement of pentachlorophenol degradation
in soil through induced anaerobiosis and bioaugmentation with anaerobicsewage sludge.
Environmental Science and Technology. 22:1411-1414.
Milieski G. J., J. A. Bumpus, M.A. Jurek and S.D. Aust. 1988. Biodegradation of
pentachlorophenol by the white rot fungus Phanerochaete chrysosporium. Applied and
Environmental Microbiology. 54:2885-2889.71
Mohn, W.W., and J.M. Tiedje. 1992 Microbial Reductive Dehalogenation.
Microbiological Reviews. 56:482-507.
Mueller, James G, Suzane E. Lantz, and Beat 0. Blattman. 1991. Bench-scale
evaluation of alternative biological treatment processes for the remediation of
pentachlorophenol-and cresote-contaminated materials: Solid-phase bioremediation.
Environmental Science & Technology. 25:1945-1952.
Murthy, N.B.K., D. Kaufman, and G.F. Fries. 1979. Degradation of
pentachlorophenol (PCP) in aerobic and anaerobic soil. Journal of Envronmental Science
and Health. B14:1-14.
Nicholson, D.D., S.L. Woods, J.D. Istok and D.C. Peek. 1992. Reductive
Dechlorination of Chlorophenols by a PCP-acclimated Methanogenic Consortium.
Applied and Environmental Microbiology. 58:2280-2286.
Okeke, B., J. Smith and A. Paterson. 1993. Aerobic metabolism of
pentachlorophenol by spent sawdust culture of ishitake' mushroom (Lentinus edodes) in
soil. Biotechnology Letters. 15:1077-1084
Okeke, B.C., J.E. Smith, and LA. Watson-Craik. 1996. Influence of environmental
parameters on pentachlorophenol biotransformation in soil by Lentinula edodes and
Phanerochaete chrysosporium. Applied Microbiology and Biotechnology. 45:263-270.
Owen, W.K., D.C. Stuckey, J.B. Healy, L.Y. Young and P.L. McCarty. 1979.
Bioassay for Monitoriing Biochemical Methane Potential and Anaerobic Toxicity. Water
Research. 13:485-492.
Pfender, W.F., S.P. Maggard, L.S. Watrud. 1997. Comparison of Three
Bioremediation Agents for Mineralization and Transformation of Pentachlorophenol in
Soil. Bulletin of Environmental Contamination and Toxicology. 59:230-237
Roberts, D., S.L. Woods. 1997. Down-Borehole Permeable Barrier Reactor:
Verification of Complete Mineralization of Pentachlorophenol ina Sequential Anaerobic-
Aerobic Process: Masters Thesis. Corvallis, OR: Oregon State University.
Saber, D.L and R.L. Crawford. 1985. Isolation and characterization of Flavobacterium
strains that degrade chlorophenols. Applied Environmental Microbiology. 50:861-865.
Schellenberg, K., C. Leuenberger, and R. Schwarzenbach. 1984. Sorption of
chlorinated phenols by natural sediments and aquifer materials. Environmental Science
and Technology. 18:652-657.72
Seech, Alan G., J.T. Trevors, and Terri L. Bulman. 1991. Biodegradation of
pentachlorophenol in soil: the response to physical, chemical, and biological treatments.
Canadian Journal of Microbiology. 37:440-448.
Seigle-Murandi, F., R. Steiman, and L. Sage. 1992. Relationship between the
biodegradative capability of soil micromycetes for pentachlorophenol and for
pentachloronitrobenzene. Science of the Total Environment. 123:291-298.
Sposito, G. The Chemistry of Soils. 1989. Oxford University Press. New York.
Stanlake, G., and RK. Finn. 1982. Isolation and characterization of a
pentachlorophenol-degrading bacterium. Applied Environmental Microbiology. 96:125-
134.
Steirt, J.G., and R.L. Crawford. 1986. Catabolism of pentachlorophenol by a
Flavobacterium sp. Biochemistry and Biophysics Research Community. 141:825-830.
Suzuki, T. 1977. Metabolism of pentacholorphenol by a soil microbe. Journal of
Environmental Science and Health. B12:113-127.
Topp, E. and R. S. Hanson. 1990. Factors influencing the survival and activity of a
pentachlorophenol-degradingflavobacterium sp. in soil slurries. Canadian Journal of Soil
Science. 70:83-88.
United States Federal Register. Universal Treatment Standards USEPA Fed. Reg. Sec
268.48 v61, no. 68 pp 15565-15660.
Valo, R., J. Apajalahti, and M. Salkinoja-Salonen. 1985. Studies on the physiology
of microbial degradation of pentachlorophenol. Applied Microbiology and Biotechnology.
25:68-75.
Valo, R., and M. Salkinoja-Salonen. 1986. Bioreclamation of chlorophenol-
contaminated soil by composting. Applied Microbiology Biotechnology. 25:68-75.
Valo, R., V. Kitunen, M. Salkinoja-Salonen, and S. Raisanen. 1984. Chlorinated
phenols as contaminants of soil and water in the vicinity of two Finnish sawmills.
Chemosphere 13:865-844.
Wall, A. J., amd G.W. Stratton. 1991. Effects of moisture content on the extractability
of pentachlorophenol from soil. Chemosphere. 23:881-888.
Warith, M.A., L. Fernandes, and F. La Forge. 1993. Adsorption of
Pentachlorophenol on Organic Soil. Hazardous Waste & Hazardous Materials. 10:13-19.73
Watanabe, I. 1977. Pentachlorophenol-decomposing and PCP-tolerant bacteria in field
soil treated with PCP. Soil Biology and Biochemistry. 9:99-103.
Watanabe, L 1978. Pentachiorophenol decomposing activity of field soils treated
annually with PCP. Soli Biology and Biochemistry. 10:71-75.
Watanabe, J. 1973. Isolation of pentachlorophenol decomposing bacteria from soil.
Soil Science and Plant Nutrition. 19:109-116.
Westall, J., C. Leuenberger, and R. Schwarzenbach. 1985. Influence of pH and ionic
strength on the aqueous-nonaqueous distributionof chlorinated phenols. Environmental
Science and Technology. 19:193-198.
Woods, S.L., and K.J. Williamson. 1995. Demonstraton of an Interceptor Trench for
the Bioremediation of Pentachlorophenol-Contaminated Groundwater. Unpublished.
Zaborina, 0., B. Baskunov, and L. Golovleva. 1997. Degradation of
Pentachlorophenol in Soil by Streptomyces rochei 303. Journal of Environmental Science
and Health. 32:55-62.74
Appendices75
Appendix A. Pilot-Scale Bioreactor Soil Loading Protocol
Purpose:
To fill the bioreactor with a chlorophenol contaminated soil slurry in preparation for
treatment.
Equipment:
- Approximately 3.7 cubic meters chlorophenol contaminated soil slurry obtained
from MD McFarland Company, stored in 55 gallon drums
- 6 cubic yard metal container supplied by DeWald Northwest Company (Salem,
OR); modified to conform to specifications listed in Appendix L
- Shovels, spades, scoops suitable for transferring soil slurries
- 1 Drum lifter (McMaster-Carr, Los Angeles, CA)
- Fork lift, cap. 4000 lb. or greater
- 2 wrenches, adjustable 3/4 - 1-1/4 inch, or similar
- Plastic sheets of sufficient length and width to cover 400 square feet
- 2 3/4 inch x 96 inch steel rod (or similar material) calibrated at 6 inch increments
- 3 sampling wells constructed to specifications listed in Appendix L.
- 12 foot measuring tape
- Paper towels
- 4 5 gallon plastic bucket
- 100 feet cotton duct tape
- Sampling/filling platform constructed from shipping pallets or plywood sheets
- Protective gear (Tyvek® coveralls, safety glasses, neoprene gloves, neoprene
overboots)
Procedure:
1. Place the bioreactor on a flat surface capable of withstanding a static load in
excess of 5 tons per square foot. Level and support the bioreactor using shims
where needed.
2. Open the bioreactor clam-shell lids.
3. Place filling /sampling platform so that it extends over bulkheads and provides a
level working surface.
4. Lay out plastic sheeting to cover any area which may be subjected to
contamination by overspill. Tape plastic sheets to the sides of the bioreactor just
below the bulkhead, draping the plastic down the sides of the reactor, and leaving
enough slack to prevent puncture.
5. Affix the drum lifter to the fork lift as needed.76
6. Using the drum lifter, move one barrel onto the plastic sheeting.
7. Remove the drum cover using adjustable wrenches, and place the drumcover on
the plastic sheet.
8. Raise the drum over the bulkhead and position it over the first treatmentzone.
9. Carefully rotate the drum in the lifting cradle, and usinga shovel empty the
contents of the drum into the treatment zone. Continue filling the first zone toa
uniform depth of 6 inches.
10.Tamp soil using steel bars to eliminate air pockets.
11.Fill soil zones B, C, and D in a similar manner, to a depth of six inches, thenrepeat
the process starting with zone a, filling each zone successively in 6 inch increments
until a depth of approximately 42 inches is reached.
12.Seal any drums which are not being unloaded.
13.Once filling is complete drive one sampling well into the middle of each soil
treatment zone, locating the center of each zone using the 12 foot measuring
tape. Wells can be driven by hand or by a small dead-blow mallet or wooden
block.
14.Remove the filling/sampling platform and secure the clam shell lids.
15.Clean any tools by rinsing with tap water while holding the toolsover an open
drum to catch any run-off
16.Disassemble the drum lifter and fork lift.
17.Remove and dispose of plastic sheeting and protective gear in an appropriate
hazardous waste receptacle.77
Appendix B. Pilot-Scale Bioreactor Fill and Drain Protocol
Purpose:
To demonstrate the nutrient and substrate deliverysystem for the pilot-scale bioreactor.
Equipment:
- 6 cubic yard metal container supplied by De Wald Northwest Company (Salem,
OR); modified to conform to specifications listed in bioreactorconstruction
guidelines (Appendix L) filled with approximately 3.7 cubicmeters of
chlorophenol-contaminated soil (Appendix A) obtained from MDMcFarland
Company
- 2 wrenches, adjustable 3/4 - 1-1/4 inch, or similar
- 1 20-50 gpm submersible pump supplied by McMaster-Carr (Los Angeles, CA)
- 2 55 gallon steel drums
- Plastic sheets of sufficient length and width to cover 20 square feet
- 12 foot measuring tape
- 50 feet 1/2 inch rubber or vinyl hose, and necessary fittings
- 4 1L Nalgene® bottles
- Feed mixture prepared with 0.424 L IVF, 83 mL S3, 284 mL S4, and 276 mL
S7, per 100 L of liquid drained from treatment wells (IVF, S3, S4and S7 are
prepared in accordance with Appendix M
- 1 1 L graduated cylinder
- Sampling/filling platform constructed from shipping pallets or plywood sheets
- Protective gear (face shields, neoprene gloves, neoprene overboots)
Procedure:
Draining Procedure
1. Open the bioreactor clam-shell lids.
2. Place filling /sampling platform so that it extendsover bulkheads and provides a
level working surface.
3. Lay out plastic sheeting to cover any area whichmay be subjected to
contamination by overspill.
4. Place two empty 55 gallon drums over the plastic sheetingnear the bioreactor.
5. Remove the drum covers using adjustable wrenches, and place the drumcover on
the plastic sheet.
6. Using the tape rule, measure and mark lines at 1/4, 1/2 and 3/4 thedistance from
the bottom of the drum.78
7. Attach the 1/2 inch hose to the discharge end of thepump. Lower the pump to the
bottom of mixing zone 1, holding it by thepower supply cord.
8. Place the open end of the 1/2 inch hose intoan open 55 gallon drum and engage
the pump, emptying the contents of the mixingzone.
9. Repeat the process for mixing zones 2 through 4.
10.Allow the liquid level in the bioreactor to equilibrate forapproximately one hour
after the first draining is complete.
11.Repeat the draining procedure until no liquid remains in the mixingwells; use the
second drum as a drain receptacleas necessary.
Filling the Bioreactor
1. Measure the height of the liquid in each storage drum and recordthe approximate
volume.
2. Using the graduated cylinder measurea volume of treatment mixture such that the
ratio of treatment mixture to the drained mixture volume isas listed in the material
list.
3. Pour the measured contents of the cylinder into the appropriate drum.
4. Connect the hose to the pump and lower the submersibleto the bottom of the
drum, holding it by the power cord. Engage the pump and allow itto mix the
contents of the drum for approximately five minutes. Repeat the procedure with
the second drum.
5. Remove the pump from the second drum and disengage thepower supply. Attach
the 1/2 inch hose to the pump discharge and place theopen end of the hose into
mixing zone 1, ensuring that it reaches the bottom of the mixingzone.
6. Engage the pump and fill the mixing zone to the height of the soil intreatment
zone A.
7 Repeat the procedure for mixing zones 2 through 4.
8. Allow the fill solution to penetrate the soiltreatment zones for approximately one
hour. Pump the remaining fill solution intozones 1 through 4 being careful not to
cause any pooling on the mixing zones by over-filling
9. All subsequent filling operations should be conducted with solutionremoved from
the bioreactor, and stored temporarily and mixed in 50 gallon drums.
10.Remove the submersible pump from the mixingzone and flush the pump and hose
with tap water to remove any solids. Retain the rinsewater for disposal in an
appropriate hazardous waste receptacle.
11.Cover the steel drums when not in use.
12.Remove and dispose of plastic sheeting and protectivegear in an appropriate
hazardous waste receptacle.
13.Remove the sampling/filling platform from the bioreactor and close andsecure the
clam-shell lids.79
Appendix C. Pilot-Scale Bioeactor Sampling Protocol
Purpose:
To draw samples from the soil bioreactor to determine the concentrations of
chlorophenols in contaminated soil and soil pore water
Equipment:
- 3 foot section 1/4 inch O.D. glass tubing
- 6 inch section 1/4 inch O.D. glass tubing
- 3 feet 1/4 inch I.D. Tygon or vinyl tubing
- 1 pipette bulb
- 3 10 mL straight tubes with caps
- 1 100 mL Nalgene® bottle
- Analytical balance
- 3 100 mL beakers
- Soil sampling device built to specifications listed in Appendix L.
- 1 small stainless steel spatula
- 1 six foot x 3/4 in steel rod
- Safety equipment (neoprene or nitrile gloves and safety glasses)
- 100 mL tap water
- ParafilmTM
Procedure:
Soil Sampling
1. Remove the clam-shell lid from the bioreactor and secure the sampling platform to
the bulkheads over treatment zone A.
2. Using the soil sampling device with the cone end down, penetrate the soil to a
depth of approximately two feet.
3. Raise the sampling device to a few inches above the soil. Remove any excess soil
from the sampling cone by quickly spinning the sampler rod.
4. Remove the sampler from the bioreactor and empty its contents into one 100 mL
beaker, using the spatula if necessary.
5. Using a steel rod, agitate the soil and fill the hole made by the sampling device.
6. Separate the sampling cone from the sampling rod and clean with tap water.
Replace the cone when clean, and deposit the cleaning water/soil mixture in a
hazardous waste receptacle for disposal.
7. Repeat the sampling process for soil treatment zones B and C, noting the sample
names on each beaker.80
8. Clean the sampling device and spatula with tap water when the procedure is
complete.
9. Cover the soil samples with ParafihnTM and refrigerate until further analysesare
conducted.
Pore Water Sampling
1. Assemble the pore water sampling device by placing one section of glass tubing in
each end of the Tygon tubing. Insert the open end of the six-inch section of glass
tubing into the pipette bulb.
2. Compress the pipette bulb and place the open end of the three-foot section of glass
tubing into the sampling well.
3. Draw all water available from the treatment well A and deposit a 10 mL sample
into a straight tube. Deposit the remaining water on top of the soil in the adjoining
treatment zone. Cap and label the tube.
4. Clean the sampling device by placing the open end of the three-foot section of
glass tubing into the 100 mL bottle filled with water. Flush the sampler by
repeatedly drawing and expelling water from the glass tubing until no debris
remains. Contain the cleaning water for disposal.
5. Repeat the sampling procedure for wells B and C.
6. When sampling is completed, clean the sampling device using the forementioned
procedure. Remove the pipette bulb from the sampling device and flush the
apparatus with RO water from a continuous pressurized supply for approximately
one minute.81
Appendix D. Bench-Scale Fill and Draw Batch Reactor Design and Construction
Protocol
Purpose:
To construct upflow fill and draw bioreactors capable of treating low permeability soils
contaminated with chlorophenols.
Materials:
- 25 ft 1-1/4 in ID CPVC pipe
- 45 1-1/4 in socket weld pipe end caps
- 45 1/4 in x 3/16 NPT PVC elbow barb fittings
- 45 1-1/2 in dia. 200x200 304 SS mesh discs
- 45 2 in id. 1000 gm polyester mesh discs
- CPVC adhesive and cleaner
-1 L 1/8 in dia. glass beads
- 50 mL beaker
- Teflon pipe tape
Procedure:
1. Cut CPVC pipe into 45 six inch sections
2. Drill and tap 45 end caps to accept barbed fittings. Wrap barb fitting threads with
Teflon tape and screw barbed fittings into end caps.
3. Clean the insides of the end caps using the CPVC cleaning solution.
4. Measure 20 mL of glass beads into each end cap. Wrap each stainless steel mesh
disc in polyester filter paper. Place the disc and paper inside the end cap, covering
the glass beads.
5. Prepare the pipe sections for assembly by cleaning a 1 inch section from one end of
each pipe using the CPVC cleaning solution.
6. Swipe the pipe sections and end caps with CPVC adhesive. Assemble the reactors
by inserting the pipe sections into the end caps as shown in Figure 1 below, being
careful not to disturb the stainless steel mesh filter.
7 Allow the adhesive to dry for 30 minutes then rinse each reactor with a soap
solution and rinse three times with tap water.82
AIR-TIGHT SEAL
1 -1 /4 in CPVC
304 SS MESH
GLASS BEADS
uJ-- FILL CONNECTION
Figure 1. Bench-Scale Reactor Assembly83
Appendix E. Bench-Scale Fill and Drain Batch Reactor OperationProtocol
Purpose:
To set up an upflow reactor study designed to demonstrate the anaerobicand aerobic
transformation and removal of pentachlorophenol in soil using five seriesof batch reactors
fed five different treatment solutions.
Materials:
- 45 Fully assembled upflow batch reactors, constructed to specifications listed in
Appendix D
- 5 1000 mL Nalgene® bottles with screw tops
- 1 1000 mL Erlenmeyer flask
- 9 No. 7 butyl rubber stoppers
- Portable nitrogen cylinder with single-stage regulator
- 2 small bore hypodermic needles
- 8' 3/16" ID Tygon® tubing
- 15 L of PCP contaminated soil
- 25' 1/8" OD Teflon FEP tubing
- 3/16 in x 3/16 in nylon barb tube fitting
- Digital balance
- Weigh boat
- #4 ASTM sieve
- 25 L Polyethylene tub
- 1 gallon polyethylene bucket with lid
- 5 Yards 1000gm polyester filter paper
- 5 lb. sledge hammer or soil tamper
- 5 sq. ft. 1/8" perforated steel sheet
- 5 sq. yds. 2 mm plastic sheet
- 0.002 gpm, 20 psi peristaltic pump and necessary fittings (McMaster-Carr, Los
Angeles, CA)
- 1/2 inch diameter diffusing stone
- 45 tube clamps
- 50 mL graduated cylinder84
Procedure:
Soil Preparation
1. Air dry the soil and remove any large cobble andextraneous substances including
leaves and twigs. Line the steel sheet with polyester filterpaper. Set the steel
sheet atop 25 liter polyethylene tub.
2. Distribute the saturated soil on top of the filterpaper in a uniform one -half inch
thick layer. Allow the soil to air dry for approximately threedays, mechanically
agitating and turning the soil each day.
3. Pick out and remove any small cobble from the soil. Using thefilter paper, remove
the dried soil from the perforated steel sheet. Remove thesteel sheet from the top
of the polyethylene tub and line the tub witha 3x3 ft plastic sheet.
4. Place the soil and filter paper inside the 25 liter polyethylenetub and fold the
plastic sheet over the soil. Secure the plastic withtape. Using the sledge or soil
tamper, break the soil into small-sized lumps suitable for sieving.
5. Sort the soil to a uniform size using a #4 sieve. Load the soil intothe sieve and
shake for 5 minutes. Soil that passes the sieve should be retained foranalysis.
Place this soil in 1 gallon polyethylene bucket.
6. Using the digital balance, measure and record the tare weight of theweigh paper.
7 Measure 50 grams of soil into each reactor being carefulto agitate the fill bucket
after each fill to ensure a uniform soil sample.
Fill Mixture Preparation
1. Label the 1 L Nalgene® bottles, 1 through 5.
2. Fill bottle 1 with distilled water and cap.
3. To bottles 2 through 5, add the following nutrient solutions:17 12.1, S3, 84 p.L S4,
55 AL S7, and 4.2 mL imitation vanilla flavoring (IVF). Vitaminsolutions and
IVF are prepared in accordance with Appendix M.
4. Fill bottles 2 and 3 with distilled water.
5. Cap and shake the bottles 2 and 3 vigorously.
6. Secure a diffuser stone to a three foot section of Tygon® tubingSecure the other
end of the Tygon® tubing to the single stage nitrogen regulator.
7. Remove the cap on bottle 2 and purge the treatment mixture with nitrogenfor
approximately 3 minutes at 1-3 psi.
8. Fill the Erlenmeyer flask with distilled water. Remove the diffuserstone from
bottle 2, screw the cap onto bottle 2 and place the diffuserstone into bottle 4.
Purge the oxygen from bottle 4 with nitrogen for 3 minutes.
9. Measure 250 mL of anaerobic wastewater sludge into bottle 4, beingcareful not to
introduce oxygen into the mixture.
10.Carefully fill the remaining space in bottle 4 with de-oxygenated distilledwater.
Slowly remove the diffuser stone from the mixture, purging theheadspace in the
bottle as the stone is extracted. Secure thescrew cap to bottle 4 and gently shake
the contents.85
11.Siphon 1 L of anaerobic wastewater sludge into bottle 5. Purge the headspace in
the bottle with nitrogen and secure the cap. Gently shake the bottle to mix its
contents.
Reactor Fill Procedure
1. Measure 35 mL of the fill mixture from bottle 1 into the graduated cylinder.
2. Connect approximately 6 inches of Tygon® tubing to the discharge end of the
peristaltic pump. Secure the remaining tubing to the suction side of thepump.
3. Connect the open end of the pump discharge tubing to an upflow reactor using the
barbed fitting. Place the open end of suction tubing into the graduated cylinder.
Open the tube clamp on the pig-tail tubing and engage the pump at the lowest flow
rate, filling the reactor.
4. Remove the tubing from the reactor at the barb fitting and tighten the tubing
clamp. Fill the remaining reactors in the series.
5. After the last reactor in the series is filled, remove the tubing from the reactor at
the barbed fitting. Re-secure the tubing clamp on the reactor pigtail. Fill the 1000
mL Erlenmeyer flask with distilled water. Flush the pump tubing by inserting the
suction tubing into the flask and engaging the pump for approximately 30
seconds, or until the tubing is free of debris. The flushing liquid can be drained
into a sink.
6. Fill and rinse the graduated cylinder with distilled water 3 times, or until all debris
is removed.
7. Fill the reactors in series 3 through 5 following this procedure using their
corresponding feed solutions.
8. Remove the diffuser stone from the nitrogen feed line.
9. Fill the reactors in series 2 using the fill deoxygenated feed solution in bottle 2.
10.Carefully purge the headspace in each reactor with nitrogen and cap each reactor
using a no. 7 butyl rubber stopper.
11.When the fill procedure is complete, retain a 10 mL of each fill solution for COD
and chlorophenol analysis. Discard the remainder of the fill solutions and
disassemble the peristaltic pump.86
Appendix F. Bench-Scale Fill and Drain Batch Reactor Sampling and Draining
Protocol
Purpose:
To sample a series of upflow reactors in preparation for soxhlet extraction and
chlorophenol analysis.
Materials:
- 45 Fully assembled upflow batch reactors, constructed to specifications listed in
Appendix D
- 1 1000 mL Erlenmeyer flask
- 2' 3/16" ID Tygon® tubing
- Digital balance
- Weigh paper
- 0.002 gpm, 20 psi peristaltic pump with necessary fittings and neoprene tubing
(McMaster-Carr, Los Angeles, CA)
- 50 mL graduated cylinder
- 3/16 in x 3/16 in nylon male barb tubing fitting
- 45 2 mL microcentrifuge tubes
Procedure:
Liquid Sampling
1. Connect approximately 6 inches of Tygon® tubing to the discharge end of the
peristaltic pump. Secure the remaining tubing to the suction side of the pump.
2. Connect the open end of the suction side tubing to an upflow reactor using the
barbed fitting. Place the open end of discharge side tubing into the graduated
cylinder. Open the tube clamp on the pig-tail tubing and engage the pump at the
lowest flow rate, removing the solution from the reactor.
3. Continue pumping until no solution remains in the reactor. Measure and record
the volume of feed solution removed from the reactor and carefully pour
approximately 2 mL of the solution into a microcentrifuge tube. Label the
centrifuge tube with the appropriate series designation.
4. Remove the tubing from the reactor at the barb fitting. Re-secure the tubing clamp
on the reactor pigtail. Fill the 1000 mL Erlenmeyer flask with distilled water.
Flush the pump tubing by inserting the suction tubing into the flask and engaging
the pump for approximately 30 seconds, or until the tubing is free of debris. The
flushing liquid can be drained into a sink.87
5. Fill and rinse the graduated cylinder with distilled' water 3 times,or until all debris
is removed.
6. The reactor can now be filled with feedstock in accordance with the procedure
described in Appendix E; or the contents can be removed and readied for soxhlet
extraction, using the procedure outlined in steps 7 through 9.
Preparation For Soxli let Extraction
1. Remove the tubing clamp from the pigtail and dislodge the reactor from its stand.
Place the reactor upside-down on a weigh boat and place the entire assemblyon a 1
ab bench. The contents of the reactor, soil and feed solution, should settle into the
weigh boat.
2. Allow the contents of the weigh boat to stand for approximately 10 minutes, then
decant the feed solution from the boat. The soil in the weigh boatcan now be
analyzed in accordance with the soxhlet procedure outlined in Appendix G.
3. Clean the reactor using a soap solution and rinse with distilled water in preparation
for additional analyses.88
Appendix G. Soxhlet Extraction Protocol
Purpose:
To determine the concentration of chlorophenols in soil by extraction with
dichioromethane using a soxhlet device.
Materials:
- 1 500 mL round or flat bottom boiling flask
- 1 24" ring stand
- 2 4' 3/16" ID Tygon® tubing
- 2 right angle ring stand connectors
- 1 40/55 Soxhlet Extractor
- 1 45/55 Alihn Condenser
- 1 re-circulating constant temperature water bath
- 1 22 mm cellulose thimble
- 1 Heating coil
- 1 Shielded rheostat (0-240V)
- 1 inch Parafilmml
- 1 12 inch mercury or alcohol thermometer 0°-100°C range
- 150 mL HPLC grade Dichloromethane
- 1 250 mL separatory funnel
- 1 small plastic weigh boat
- 1 analytical balance
- 0.5 mL .72 g/mL K2CO3 buffer solution
- 0.5 mL pipette
- pipette bulb
- 50 mL graduated cylinder
- Deionized water
- 250 separatory funnel
- small glass funnel
- 1 10 mL glass culture tube with Teflon lined screw cap
- 15 g soil sample
Procedure:
1. Acid wash and thoroughly rinse and dry all glassware prior to use.
2. Fasten the Alihn condenser to the ring stand using the 2 right angle ring stand
connectors.89
3. Secure one end of the Tygon® tubing to the outlet port (top port) of the
condenser. Using any necessary adapters, connect the open end of the tubing to
the inlet port of the water bath re-circulating pump.
4. Connect the outlet port of the water bath re-circulating pump to the inlet port
(bottom port) of the condenser.
5. Engage the pump, initiating flow through the condenser. Adjust the thermostat to
ensure that the condenser water temperature is 5-10°C.
6. Measure 15 g of soil into a plastic weigh boat.
7. Deposit the soil into the cellulose thimble, making sure that the soil is distributed
evenly on the bottom.
8. Insert the thimble in the bottom of the soxhlet apparatus.
9. Assemble the extraction device by inserting the end of the Alihn condenser into
thetop of the soxhlet extractor. Seal the gap between fittings using ParafilmTM.
10.Under a fume hood, measure approximately 150 mL of dichloromethane into the
boiling flask. Connect the boiling flask to the bottom of the soxhlet extractor.
Seal the gaps between the glassware with ParafilmTM.
11.Place the soxhlet assembly including the boiling flask on the heating coil and
secure the assembly to the ring stand.
12.Connect the heating coil to the rheostat and energize the rheostat. Adjust the
rheostat such that the temperature of the heating coil is approximately 80°C.
13.Ensure that the heating coil temperature is sufficient to volatilize dichloromethane.
Adjust the rheostat as needed.
14.Measure the cycling time of the soxhlet apparatus once it reaches steady state
(after three cycles). Allow the soxhlet extractor to cycle 200 times.
15.After the cycles have been completed, turn off the heating coil and allow the
assembly to cool for approximately ten minutes.
16.Gently shake the assembly to remove any residual solvent trapped in the
condenser.
17.Disengage the cooling pump.
18.Remove the ParafilmTM and detach the boiling flask from the bottom of the
extraction assembly. Carefully drain any dichloromethane remaining in the soxhlet
device into the flask and cover the flask with ParafilmTM.
19.Measure 14.5 mL distilled water into a graduated cylinder. Remove the ParafilmTM
and deposit the water into the flask. Measure 0.5 mL of a 0.72 g/mL K2CO3
buffer solution into the flask. Re-attach the ParafilmTM to the boiling flask and
gently shake the flask for two minutes. Allow the solution to settle and separate.
20.Transfer the contents of the boiling flask to the separatory funnel and allow the
mixture to separate.
21.Drain the dichloromethane into an appropriate receptacle for recovery or disposal.
Fill the 10 mL test tube with the water using a Pasteur pipette.
22.Disassemble the extraction device. Discard the ParafilmTM and place the cellulose
thimble and soil sample in an appropriate hazardous waste container.
23.Rinse the glassware with tap water, then acid wash and dry the glassware in
preparation for the next analysis.90
Appendix H. Soxhiet Efficiency Protocol
Purpose:
To determine the removal efficiency of soxhlet extraction of chlorophenols using the
procedure outlined in Appendix G.
Materials:
- 2 500 mL round or flat bottom boiling flask
- 1 24" ring stand
- 2 4' 3/16" ID vinyl tubing
- 2 right angle ring stand connectors
- 1 40/55 Soxhlet Extractor
- 1 45/55 Alihn Condenser
- 1 re-circulating constant temperature water bath
- 1 22 mm cellulose thimble
- 1 Heating coil
- 1 Shielded rheostat (0-240V)
- 12 ft 1 inch ParafilmTM
- 1 12 inch mercury or alcohol thermometer 0°-100°C range
- 1 L HPLC grade Dichloromethane
- 1 small plastic weigh boat
- 1 analytical balance
- 0.5 mL .72 g/mL K2CO3 buffer solution
- 2 250 mL separatory funnels
- 0.5 mL pipette
- pipette bulb
- 50 mL graduated cylinder
- Deionized water
- 250 separatory funnel
- small glass funnel
- 1 10 mL glass culture tube with Teflon lined screw cap
- 15 g soil sample
Procedure:
1. Following the procedure outlined in steps 1-22 of Appendix G, conducta soxhlet
extraction of one soil sample. After separating dichloromethane and water using
the separatory funnel, drain the dichloromethane into the boiling flask and retain
for analysis.91
2. Under a fume hood, measure approximately 200 mL of fresh dichloromethaneinto
the second boiling flask. Connect the boiling flask to the bottom of the soxhlet
extractor. Seal the gaps between the glassware with Parafilem.
3. Following steps 11 through 23 of Appendix G,conduct a second soxhlet
extraction on the soil sample, retaining the dichloromethane for analysis in the
second boiling flask.
4. Conduct chlorophenol assays (Appendix J) on water samples from the firsttwo
extractions.
5. Conduct a second extraction of chlorophenols into water from each
dichloromethane sample.
6. Perform chlorophenol assays on water samples derived from the secondset of
water extractions.92
Appendix L Imitation Vanilla Flavoring Surfactant Study Protocol
Purpose:
To quantify the potential of imitation vanilla flavoring (IVF) as a surfactant. This analysis
will test the ability of IVF to wash PCP and 2,3,5,6-TeCP from, low-permeability soil
removed from the McFarland Cascade wood treatment facility. This procedure is intended
to precede the Miniature Chlorophenol Assay Protocol described in Appendix J.
Equipment:
5 125 mL serum bottles
5 aluminum crimp caps with Teflon septa
1 Liters deionized water
Hand crimper
Oscillatory shaker table
5 Disposable weigh boats
Stainless steel spatula
Analytical balance
2 50 mL beakers for cleaning glass syringes
50 mL graduated cylinder
104 glass syringe
25 2 mL plastic centrifuge tubes
Approximately 200 g McFarland soil prepared in accordance with Appendix E
Approximately 10 mL IVF prepared in accordance with Appendix M
wire test tube rack
Procedure:
1. The 125 mL serum bottles should be prepared by soaking overnight in an
ammonium persulfate and 50% v/v sulfuric acid bath. When removed, the bottles
should be rinsed three times with tap water and three times with distilled water
then placed in a 125°C drying oven for approximately 30 minutes, or until dry.
Bottles should then be removed from the oven and allowed to cool to room
temperature.
2. The spatula and graduated cylinder should be rinsed with distilled water and
allowed to completely dry.
3. Measure 30 g of soil into each disposable weigh boats using the analytical balance.
Carefully empty the contents of each boat into a serum bottle.93
4. Measure 50 mL distilled/deionized water intoa graduated cylinder. Carefully
empty the contents of the cylinder into the first serum bottle. Repeat the
procedure for the remaining bottles.
5. Using the 10 pL and 100 pL syringes measure the following quantitiesof IVF into
the appropriately labelled serum bottles.
Bottle 1 - 0 pL, Bottle 2- 10 pL, Bottle 3 - 50 pL
Bottle 4 - 100 pL, Bottle 5- 500 pL, Bottle 6 - 1000 fiL
6. Place one aluminum cap with Teflon septumon each bottle and crimp tightly.
7. Using a suitable felt tip pen, label eachserum bottle for its respective contents.
8. Invert each bottle and shake for one minute.
9. Place bottles, septa side down, on the shaker table for approximately30 minutes.
10.Place the 2 mL centrifuge tubes in a wire test tube rack.
11.Remove the serum bottles from the shaker table. Shake the bottle vigorouslyto
remove any sediment which has settled on the Teflon cap.
12.Using the 100 pL syringe, draw 200 !IL of liquid fromserum bottle 1. Inject the
contents of the syringe into a centrifuge tube. Rinse the syringe 3 times withDI
water, emptying the contents into a 50 mL beaker for disposal. Repeat the
sampling process for bottles 2 through 5.
13.Record the time when the sample was drawn, then place theserum bottle, septum
side down, on the shaker table
14.Centrifuge the samples at 6000 rpm for 5 minutes toseparate the solid contents.
When centrifuging is complete remove the tubes and place themin the wire test
tube rack.
15.Evaluate the PCP concentration in the liquid contents of the micro-centrifuge
tubes using the miniature chlorophenolassay outlined in Appendix J.
16.Repeat the serum bottle sampling process, steps 10 through 16at 72 hours, 216
hours and 336 hours from the time of the initial sampling.94
Appendix J. Miniature Chlorophenols Assay
Purpose:
To analyze Pentachlorophenol (PCP) and its anaerobic metabolites on a gas
chromatograph (GC) equipped with an electron capture detector (ECD). This procedure
was developed by Voss et al., (1982) and has been adapted from Pete Kaslik (1996). The
method was later modified by Perkins (1992) and miniaturized by Dr. Mark Smith (Smith
1993).
Equipment:
- 2 100 mL metal syringes
- HP-6890 series II G-C equipped with a TCD and a J&W Scientific DB-5MS
30m column
ChemstationTM software: Rev A. 05.01 [273], Copyright© Hewlett Packard,
1990-1997
-1 x 1 mL fixed volume pipette
-1 x 500 pL repeating pipette
-1 x 100 pL repeating pipette
- 10 mL disposable culture tubes with Teflonlined caps
- 2 mL capacity Borosilicate amber glass crimp top vials
- 12 mm crimp caps with Teflonand silicone septa
- 2 x 500 mL beakers (DI rinse and waste water)
-1 x 10 mL beaker (hexane)
-1 x 50 mL beaker (methanol rinse)
- Disposable Pasteur pipettes and bulbs
- Hand crimper
- Wrist action shaker
- aqueous chlorophenol samples
Chemicals:
- Acetic anhydride, reagent grade
- hexane, }TLC grade
- Internal standard reagent (30.4 g/L K2CO3, 500 mg/L 2,4,6,Tribromophenol in
DI water)95
Procedure:
1. Label each test tube according to sample contents and date.
2. Add the following to each tube
a) 500 !IL of internal standard reagent
b) 1004 sample
c) 100 pL acetic anhydride
3. Prepare a method blank for each sample set following a and c from step 2
4. Gently shake test tubes then place on wrist action shaker for twenty minutes
5. Remove test tubes from wrist shaker, place in test tube rack and remove cap. A
small release of gas should occur when the cap is opened. This verifies the
presence of acetic anhydride.
6. Add 1 mL of hexane to each test tube; cap the tubes and place on the wrist shaker
for twenty minutes.
7. Remove test tubes from shaker, place in test tube rack and remove caps. Use
disposable Pasteur pipettes to extract hexane sample from test tubes (upper layer
of dual, non-aqueous phase liquid) and place hexane sample into crimp top amber
vials. Cover with a crimp cap and secure the cap with a hand crimper.
8. Place the sample vials on the GC autosampler rack. Establish the sequence table
and load the appropriate method (CP 321) and start sequence.
9. Loading Method CP_321 will establish the following parameters for the HP 6890
GC:
a. Temperature Program
i. Initial Temp 40°C
ii. Initial Time 1.00 min
iii. Rate 1 25°C/min
iv. Final Temp 140°C
v. Final Time 0.0 min
vi. Rate 2 10.00°C/min
vii.Final Temp 2 250°C
viiiFinal Time 2 5.00 min
b. Injection Temperature 250°C
c. Detector Temperature 350°C
d. Helium Program
i. Initial Flow 2.00 mL/min
ii. Initial Time 14.00 min
iii. Rate 1 4.00 mL/min/min
iv. Final Flow 4.00 mL/min
v. Final Time 7.00 min
e. Argon Methane Program Continuous Flow 7.00 min96
Appendix K. Soil Permeability Study
Purpose:
To determine the saturated permeability of chlorophenol contaminated soil used in bench-
scale and pilot-scale bioreactors
Materials:
- 30 cm section 1-1/4 in ID CPVC SCH 40 piping
- 2 1-1/4 in CPVC socket weld end caps
- CPVC adhesive and cleaner
-1.5 L of PCP contaminated soil
- 2 2 ft x 3/16 in ID Tygon® tubing
- 2 3/16 in x 3/16 in nylon barbed tube fitting
- 1000 gm polyester filter paper
- 2 3/16 in tube clamps
- 4 ft x 1 in ID glass cylinder
- 2 ring stands with 4 adjustable fork clamps
- 4 L plastic bucket
- no. 5 butyl rubber stopper with a 1/4 in hole bored on center
- 2 in x 1/4 in OD 304 SS tubing
Procedure:
1. Assemble the permeameter in accordance with the figure shown below.
2. Fill the permeameter with soil so the pipe section is completely full. Compact the
soil by tapping the barbed tube fitting against a solid surface. When soil has
completely settled, re-fill the soil column and tamp the soil again.
3. Place the second end cap on the permeameter and secure it with pipe adhesive.
4. Place the permeameter in 2 fork clamps and secure the clamps to a ring stand,
orienting the permeameter vertically.
5. Secure one section of Tygon® tubing to each barbed fitting. Insert the small
section of stainless tubing into the open end of the Tygon® tubing fastened to the
bottom barbed fitting. Insert the open end of the stainless tubing through a hole
bored in the no. 5 butyl rubber stopper.
6. Secure the glass column to the ring stand using the 2 remaining fork clamps.
Orient the column vertically and place the butyl rubber stopper into the bottom
end.
7 Fasten the tube clamp to the section of tubing between the column and
permeameter, and fill the column with water.97
8. Place the open end of the section of tubing protruding from the top section of the
permeameter into a bucket or another suitable drain receptacle.
9. Remove the tube clamp and allow the water contained in the soil column to fill the
permeameter.
10.Secure the tube clamp approximately thirty minutes after water begins to drip from
the permeameter. If the water column is emptied before the column is saturated,
refill the column and repeat the process.
11.Once the column is saturated, refill the water column and record the height of the
water.
12.Rotate the permeameter such that it is horizontal; check the orientation using a
level.
13.Release the clamp and record the initial time. When approximately 10 cm of water
has drained from the water column, re-secure the clamp and record the final time
and the height of the water column.
14.Calculate the saturated conductivity of the soil column using the formula
L
lnbo
+ L
Ksat=tl tobl+ L
where L is the length of the permeameter, bo is the initial height of the water
column, b 1 is the final height of the water column and t 1 and to are the final and
initial times, respectively.
15.Record Kw as the saturated hydraulic conductivity.98
Saturated Hydraulic Conductivity Data
An analysis of the saturated hydraulic conductivity of the chlorophenol-
contaminated soil was conducted in accordance with Appendix K. Ksatrefers to the
saturated conductivity as calculated using the formula
L bo+L
Ksat = ln tl tobl+L
where to refers to the initial time (0 minutes), tl refers to the time incolumn 1, bo refers
to initial water column height (29 inches), b 1 refers to the height of thewater column at
any time, and L is the length of the permeameter (30 cm). Results of the studyare shown
in Table 1. The final Kw was the average of the sixKit calculations, based on
measurements taken during the 180 minute duration of the experiment.
Table 1. Saturated hydraulic conductivity data
time
(min)
water level
(in)
Ksat
(in/min)
Kit
(cm/day)
0 29
30 27.1 0.00452 2.56
60 25.4 0.00442 2.50
90 23.8 0.00439 2.49
120 22.1 0.00453 2.57
150 20.5 0.00462 2.62
180 19.6 0.00435 2.47
Ksat (final) = 2.54 cm/day.99
Appendix L. Construction Drawings
Pilot-Scale Reactor Liquid Mixing Wells
Notes - The four liquid mixing wells are constructed as modular units outside of the
reactor. Each well is manufactured from perforated plain steel sheets, supported with
structural angle iron and flat bar stock, all of which is black plain steel. Perforated sheets
are secured to the structural member using spot-welds and mechanical fasteners where
necessary. Once the wells are constructed, they can be placed into the reactor and secured
in placeby welding the angle iron to the reactor sides.
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Pilot-Scale Reactor Sampling Well
Notes - The sampling well is constructed from a 52 inch long section of 1/2 inch black
steel pipe. The pipe is closed off at one end using a cap and driven into the soil. Soil pore
water penetrates the screened portion of the sampling well and is extracted using a
siphoning device.
1/2in x 2in
screen
end cap
52 in.101
Pilot-Scale Reactor Sampling Apparatus
Notes - The sampling apparatus is acone machined from a 5x5 cm aluminum bar. The
cone is designed to penetrate a soil and cobble layer up to 5 feet in depth. The aluminum
rod screwed into the cone servesa handle to force the coned through the soil reactor and
retrieve soil samples.
1/2 in Aluminum rod
5cri die. x
Scrn Aluminum
cone
1.5 m
L
4.5cm dia.
drilled and tapped
for aluminum rodAppendix M. Composition of Treatment Mixture Components
Components of imitation vanilla flavoring
Compound formula
conc. weight molarityOD ODCODTOC
(g/L)(g/L)(mol/L) (mol/mol) (g/mol) (g/L)(g/L)
Guaiacol C7H802 3.6 1240.029 82567.422.44
Ethyl Vanillan C9111003 1.2 1660.0072 103202.310.78
Propylene Glycol C3H8027.8 760.1025 4 12813.123.69
Benzoate C711502 0.8 1440.0058 7.5240 1.40.49
Total 24.257.40
Components of stock mixture S3
(N114)2HPO4 26.7 g/L
Components of stock mineral mixture S4
Compound Conc. (g/L)
MgC126H2O 120.089
'KCl 86.713
NH4C1 26.300
CaC122H20 16.707
CoC126H2O 2.001
.MnC124H20 1.338
NiC126H20 1.010
H3BO3 0.388
CuC122H2O 0.181
NaMo042H20 0.173
ZnC12 0.141
102103
Components of stock vitamin mixture S7
Compound Conc. (mg/L)
Pyridoxine Hydrochloride 10.01
Riboflavin 5.08
p-Aminobenzoiuc acid 5.05
Thiamin 5.05
Thioctic acid 5.03
Nicotinic acid 5.01
Pantothenic acid 5.00
Folic acid 2.05
Biotin 2.01
B12 0.12104
Appendix N. Chlorophenol Extraction Efficiencyand Statistical Considerations
The effectiveness of the fill and drawreactor treatment process was evaluated by
the aerobic and anaerobic transformations of chlorophenols insoil occurring over each
treatment cycle. The conclusions drawn from this studywere dependent upon the
accuracy and precision of the Soxhlet extraction process (Appendix G) employedto
separate chlorophenols from contaminated soil. This extractionwas evaluated using two
procedures.
The first procedure determined the effectiveness of the Soxhletsoil washing
procedure at removing chlorophenols from 15g samples of low-permeability soil. Five
soil samples were subjected to 240 consecutive washing cyclesusing HPLC grade
dichloromethane as a solvent. The number of Soxhlet cycles usedfor these analyses was
based on a similar procedure described by Woods et al., (1985).To determine whether
this number of cycles could be effective for washing lowpermeability soils,
dichloromethane was removed and analyzed after 240 cycles, andreplaced with fresh
dichloromethane. Soil was then washed foran additional 240 cycles. A comparison of
dichloromethane from the first and second extraction proceduresshowed 100% removal
of available chlorophenols from soil samples usinga single stage Soxhlet extractions
consisting of 240 cycles (Table 1).
Table 1. Removal Efficiency of Soil-Dichloromethane Extraction
2,3,5,6- TeCP 2,3,4,5- TeCP PCP
Sample percent percent percent
1 stl2ndremoved1st/2ndremoved1 st/2ndremoved
A 0.95/0 100 0.08/0 100 2.04/0 100
B 0.81/0 100 0.07/0 100 1.92/0 100
C 0.11/0 100 0.05/0 100 2.07/0 100
D 0.11/0 100 0.07/0 100 2.15/0 100
E 0.26/0 100 0.08/0 100 2.05/0 100105
A liquid-liquid extraction of chlorophenols from dichloromethane into water
buffered with a potassium carbonate solution was the final stage of the Soxhlet analysis
procedure. Consecutive dichloromethane/water extractions conductedon six
contaminated soil samples indicated 100% transfer of 2,3,5,6-TeCP and 2,3,4,5-TeCP
from dichloromethane to water, and 98% to 100% partitioning of PCP intowater (Table
2).
Table 2. Dichloromethane to Water Extraction Efficiency
2,3,5,6- TeCP 2,3,4,5- TeCP
PCP
Sample percent percent percent
1 st/2ndremoved1 st/2ndremoved1 st/2ndremoved
A 0.19/0 100 0.06/0 100 0.37/0 100
B 0.04/0 100 0.07/0 100 0.15/0 100
C 0.23/0 100 0.07/0 1001.32/0.0297.25
D 0.02/0 100 0.07/0 100 0.14/0 100
E 0.18/0 100 0.06/0 100 0.37/0 100
F 0.22/0 0 0.07/0 0 1.28/0.0397.88106
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Appendix P.108
Table 1. Mass of chlorophenols added to each reactor series with each treatment cycle
Week 1 2,3,5,6-TeCP 2,3,4,5-TeCP PCP
area ratio mass (.4) area ratio mass (4) area ratio mass (4)
Series A 0.000 0.000 0.000 0.000 0.000 0.000
Series B 0.000 0.000 0.000 0.000 0.000 0.000
Series C 0.000 0.000 0.000 0.000 0.000 0.000
Series D 0.000 0.000 0.000 0.000 0.009 0.699
Series E 0.000 0.000 0.000 0.000 0.048 3.714
Week 2 2,3,5,6-TeCP 2,3,4,5-TeCP PCP
area ratio mass (4) area ratio mass (4) area ratio mass (4)
Series A 0.000 0.000 0.000 0.000 0.000 0.000
Series B 0.000 0.000 0.000 0.000 0.000 0.000
Series C 0.000 0.000 0.000 0.000 0.000 0.000
Series D 0.000 0.000 0.000 0.000 0.009 0.682
Series E 0.000 0.000 0.000 0.000 0.048 3.702
Week 3 2,3,5,6-TeCP 2,3,4,5-TeCP PCP
area ratio mass (4) area ratio mass (4) area ratio mass (1,g)
Series A 0.000 0.000 0.000 0.000 0.000 0.000
Series B 0.000 0.000 0.000 0.000 0.000 0.000
Series C 0.000 0.000 0.000 0.000 0.000 0.000
Series D 0.000 0.000 0.000 0.000 0.010 0.809
Series E 0.011 0.889 0.000 0.000 0.053 4.157
Week 4 2,3,5,6-TeCP 2,3,4,5-TeCP PCP
area ratio mass (4) area ratio mass (4) area ratio mass (4)
Series A 0.000 0.000 0.000 0.000 0.000 0.000
Series B 0.000 0.000 0.000 0.000 0.000 0.000
Series C 0.000 0.000 0.000 0.000 0.000 0.000
Series D 0.000 0.000 0.000 0.000 0.007 0.528
Series E 0.007 0.529 0.000 0.000 0.041 3.166
Week 5 2,3,5,6-TeCP 2,3,4,5-TeCP PCP
area ratio mass (4) area ratio mass (4) area ratio mass (4)
Series A 0.000 0.000 0.000 0.000 0.000 0.000
Series B 0.000 0.000 0.000 0.000 0.000 0.000
Series C 0.000 0.000 0.000 0.000 0.000 0.000
Series D 0.000 0.000 0.000 0.000 0.000 0.000
Series E 0.000 0.000 0.012 1.086 0.025 1.983Table 1 (continued). Mass of chiorophenols added to each reactor series with each
treatment cycle
Week 6 2,3,5,6-TeCP 2,3,4,5-TeCP PCP
area ratio mass (kg) area ratio mass (kg) area ratio mass (kg)
Series A 0.000 0.000 0.000 0.000 0.000 0.000
Series B 0.000 0.000 0.000 0.000 0.000 0.000
Series C 0.000 0.000 0.000 0.000 0.000 0.000
Series D 0.000 0.000 0.000 0.000 0.000 0.000
Series E 0.013 1.040 0.023 2.142 0.029 2.264
Week 7 2,3,5,6-TeCP 2,3,4,5-TeCP PCP
area ratio mass (kg) area ratio mass (kg) area ratio mass (kg)
Series A 0.000 0.000 0.000 0.000 0.000 0.000
Series B 0.000 0.000 0.000 0.000 0.000 0.000
Series C 0.000 0.000 0.000 0.000 0.000 0.000
Series D 0.000 0.000 0.008 0.711 0.000 0.000
Series E 0.014 1.080 0.019 1.798 0.015 1.165
Week 8 2,3,5,6-TeCP 2,3,4,5-TeCP PCP
area ratio mass (kg) area ratio mass (kg) area ratio mass (kg)
Series A 0.000 0.000 0.000 0.000 0.000 0.000
Series B 0.000 0.000 0.000 0.000 0.000 0.000
Series C 0.000 0.000 0.000 0.000 0.000 0.000
Series D 0.061 4.821 0.000 0.000 0.000 0.000
Series E 0.000 0.000 0.010 0.966 0.000 0.000
Week 9 2,3,5,6-TeCP 2,3,4,5-TeCP PCP
area ratio mass (kg) area ratio mass (kg) area ratio mass (kg)
Series A 0.000 0.000 0.000 0.000 0.000 0.000
Series B 0.000 0.000 0.000 0.000 0.000 0.000
Series C 0.000 0.000 0.000 0.000 0.000 0.000
Series D 0.000 0.000 0.000 0.000 0.000 0.000
Series E 0.000 0.000 0.000 0.000 0.000 0.000
109110
Table 2. Volume of treatment mixture drained from reactors in mL
series/
cycle A
Week 1
B C D E
1 9 8 9 8 4
2 7 8 9 16 12
3 9 9 7 10 9
4 9 11 7 11 10
5 7 7 11 10 13
6 7 6 7 10 9
7 7 5 7 10 6
8 10 7 7 7 7
9 7 4 7 8 8
series/ Week 2
cycle A B C D E
2 30 20 35 26 15
3 27 11 12 15 15
4 15 13 30 24 13
5 16 13 13 20 15
6 12 12 15 25 16
7 28 34 13 22 25
8 11 30 14 26 27
9 27 22 14 16 24
series/ Week 3
cycle A B C D E
3 18 45 33 20 34
4 30 40 31 22 28
5 29 50 28 10 20
6 33 47 39 23 23
7 21 32 30 20 13
8 43 30 22 15 25
9 24 25 28 32 22
series/ Week 4 ,
cycle A B C D E
4 33 17 20 23 19
5 32 14 31 36 21
6 33 31 23 29 25
7 24 34 28 23 21
8 28 26 27 32 25
9 19 15 25 25 22111
Table 2 (continued). Volume of treatment mixture drained from reactors in ml.,
series/
cycle A
Week 5
B C D E
5 31 21 29 24 28
6 24 33 22 21 25
7 14 32 31 28 25
8 26 30 33 26 11
9 23 63 32 28 25
series/ Week 6
cycle A B C D E
6 25 27 26 22 25
7 24 35 22 21 21
8 28 32 20 21 24
9 26 34 20 29 17
series/ Week 7
cycle A B C D E
7 24 31 33 26 18
8 27 27 21 19 21
9 26 31 25 23 24
series/ Week 8
cycle A B C D E
8 23 32 34 27 32
9 25 14 18 24 26
series/ Week 9
cycle A B C D E
9 28 35 30 38 40112
Table3.Concentrations of Chlorophenols in reactor effluent (R/L)
Week 1
2,3,5- 3,4,5- 2,3,5,6- 2,3,4,5-
3-CP 3,5-DCP 3,4-DCP TCP TCPTeCPTeCPPCP
Al0.000 0.000 0.0000.0000.000 0.035 0.0000.026
A20.000 0.000 0.0000.0000.0000.000 0.0000.000
A3 0.000 0.000 0.0000.0000.000 0.013 0.0000.000
A4 0.000 0.000 0.0000.0000.000 0.000 0.0000.000
AS 0.000 0.000 0.0000.0000.000 0.015 0.0000.015
A6 0.000 0.000 0.0000.0000.000 0.000 0.0000.000
A70.000 0.000 0.0000.0000.000 0.018 0.0000.017
AS0.000 0.000 0.0000.0000.0000.013 0.0000.011
A90.000 0.000 0.0000.0000.000 0.021 0.0000.017
B1 0.000 0.000 0.0000.0000.000 0.041 0.0000.025
B20.000 0.000 0.0000.0000.000 0.000 0.0000.000
B3 0.000 0.000 0.0000.0000.000 0.000 0.0000.000
B40.000 0.000 0.0000.0000.0000.064 0.0000.051
B5 0.000 0.000 0.0000.0000.000 0.029 0.0000.029
B60.000 0.000 0.0000.0000.000 0.040 0.0000.033
B70.000 0.000 0.0000.0000.000 0.067 0.0000.046
B8 0.000 0.000 0.0000.0000.000 0.032 0.0000.030
B90.000 0.000 0.0000.0000.000 0.000 0.0000.000
Cl 0.000 0.000 0.0000.0000.000 0.040 0.0000.036
C20.000 0.000 0.0000.0000.000 0.011 0.0000.000
C3 0.000 0.000 0.0000.0000.000 0.0000.0000.000
C40.000 0.000 0.0000.0000.000 0.000 0.0000.000
C5 0.000 0.000 0.0000.0000.000 0.0000.0000.000
C60.000 0.000 0.0000.0000.000 0.000 0.0000.000
C70.000 0.000 0.0000.0000.000 0.000 0.0000.000
C8 0.000 0.000 0.0000.0000.000 0.014 0.0000.012
C90.000 0.000 0.0000.0000.000 0.0000.0000.000
D1 0.000 0.000 0.0000.0000.000 0.013 0.0000.013
D20.000 0.000 0.0000.0000.000 0.048 0.0000.040
D3 0.000 0.000 0.0000.0000.000 0.019 0.0000.018
D40.000 0.000 0.0000.0000.000 0.027 0.0000.023
D5 0.000 0.000 0.0000.0000.000 0.034 0.0000.026
D60.000 0.000 0.0000.0000.000 0.021 0.0000.016
D70.000 0.000 0.0000.0000.000 0.0140.0000.013
D80.000 0.000 0.0000.0000.000 0.021 0.0000.019
D90.000 0.000 0.0000.0000.000 0.000 0.0000.000
E1 0.000 0.000 0.0000.0000.000 0.012 0.0000.014113
Table 3 (continued). Concentrations of Chlorophenols in reactor effluent (i.ig/L)
E2
E3
E4
E5
E6
E7
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.042
0.026
0.017
0.023
0.018
0.016
0.011
0.028
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.036
0.021
0.015
0.022
0.017
0.015
0.011
0.024
2,3,5- 3,4,5- 2,3,5,6- 2,3,4,5-
Week 23-CP 3,5-DCP 3,4-DCP TCP TCPTeCPTeCPPCP
A20.0000.0000.000 0.000 0.0000.0060.0000.009
A30.000 0.0000.000 0.000 0.0000.0190.0000.031
A40.000 0.0000.000 0.000 0.0000.0130.0000.013
AS0.000 0.0000.000 0.000 0.0000.0170.0000.016
A60.0000.0000.000 0.000 0.0000.0080.0000.010
A70.000 0.0000.000 0.000 0.0000.0170.0000.023
AS0.000 0.0000.000 0.000 0.0000.0050.0000.006
A90.000 0.0000.000 0.000 0.0000.0250.0000.036
B20.000 0.0000.000 0.000 0.0000.0080.0000.005
B30.000 0.0000.000 0.000 0.0000.0060.0000.008
B40.0000.0000.000 0.000 0.0000.0100.0000.011
B50.0000.0000.000 0.000 0.0000.0090.0000.009
B60.000 0.0000.000 0.000 0.0000.0000.0000.006
B70.0000.0000.000 0.000 0.0000.0110.0000.011
B80.000 0.0000.000 0.000 0.0000.0080.0000.007
B90.000 0.0000.000 0.000 0.0000.0240.0000.027
C20.0000.0000.000 0.000 0.0000.0060.0000.006
C30.000 0.0000.000 0.000 0.0000.0000.0000.000
C40.000 0.0000.000 0.000 0.0000.0070.0000.007
C50.0000.0000.000 0.000 0.0000.0000.0000.006
C60.000 0.0000.000 0.000 0.0000.0000.0000.005
C70.000 0.0000.000 0.000 0.0000.0000.0000.006
C80.0000.0000.000 0.000 0.0000.0120.0000.013
C90.000 0.0000.000 0.000 0.0000.0100.0000.009
D20.000 0.0000.000 0.000 0.0000.0160.0000.027
D30.0000.0000.000 0.000 0.0000.0060.0000.008
D40.0000.0000.000 0.000 0.0000.0060.0000.008
D50.000 0.0000.000 0.000 0.0000.0110.0000.014114
Table 3 (continued). Concentrations of Chlorophenols in reactor effluent (ig/L)
D60.000 0.000 0.0000.0000.0000.0080.0000.012
D70.000 0.000 0.0000.0000.0000.0180.0000.021
D80.000 0.000 0.0000.0000.0000.0100.0000.009
D90.000 0.000 0.0000.0000.0000.0060.0000.007
E20.000 0.000 0.0000.0000.0000.0120.0000.015
E30.000 0.000 0.0000.0000.0000.0070.0000.009
E40.000 0.000 0.0000.0000.0000.0070.0000.009
E50.000 0.000 0.0000.0000.0000.0240.0630.036
E60.0000.000 0.0000.0000.0000.0090.0000.011
E70.000 0.000 0.0000.0000.0000.0180.0000.029
E80.000 0.000 0.0000.0000.0000.0170.0000.021
E90.000 0.000 0.0000.0000.0000.0330.0000.051
2,3,5-3,4,5-2,3,5,6-2,3,4,5 -
Week 33-CP 3,5-DCP 3,4-DCP TCPTCPTeCPTeCPPCP
A30.000 0.000 0.0000.0000.0000.0000.0000.011
A40.0000.000 0.0000.0000.0000.0000.0000.000
AS0.0000.000 0.0000.0000.0000.0000.0000.000
A60.000 0.000 0.0000.0000.0000.0000.0000.000
A70.000 0.000 0.0000.0000.0000.0000.0000.000
A80.000 0.000 0.0000.0000.0000.0000.0000.000
A90.000 0.000 0.0000.0000.0000.0000.0000.000
B30.0000.0000.0000.0000.0000.0120.0000.020
B40.000 0.000 0.0000.0000.0000.0000.0000.000
B50.000 0.000 0.0000.0000.0000.0280.0000.045
B60.000 0.000 0.0000.0000.0000.0130.0000.026
B70.000 0.000 0.0000.0000.0000.0370.0000.052
B80.000 0.000 0.0000.0000.0000.0000.0000.000
B90.000 0.000 0.0000.0000.0000.0000.0000.011
C30.0000.000 0.0000.0000.0000.0000.0000.000
C40.000 0.000 0.0000.0000.0000.0000.0000.000
C50.000 0.000 0.0000.0000.0000.0000.0000.000
C60.0000.000 0.0000.0000.0000.0000.0000.000
C70.000 0.000 0.0000.0000.0000.0000.0000.011
C80.0000.000 0.0000.0000.0000.0000.0000.000
C90.000 0.000 0.0000.0000.0000.0000.0000.000
D30.000 0.000 0.0000.0000.0000.0000.0000.000
D40.000 0.000 0.0000.0000.0000.0000.0000.008
D50.000 0.000 0.0000.0000.0000.0000.0000.000
D60.0000.0000.0000.0000.0000.0000.0000.000115
Table 3 (continued). Concentrations of Chlorophenols in reactor effluent (1.ig/L)
D7
D8
D9
E3
E4
E5
E6
E7
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.024 0.000
0.000 0.008 0.000
0.000 0.024 0.014
0.000 0.000 0.000
0.000 0.000 0.000
0.000 0.000 0.000
0.000
0.000
0.000
0.033
0.009
0.036
0.010
0.015
0.023
0.030
0.000
0.000
0.000
0.021
0.000
0.028
0.083
0.000
0.000
0.009
0.009
0.008
0.000
0.035
0.000
0.052
0.000
0.000
0.037
0.053
2,3,5- 3,4,5- 2,3,5,6- 2,3,4,5 -
Week 43-CP 3,5-DCP 3,4-DCP TCP TCPTeCPTeCPPCP
A40.000 0.0000.000 0.000 0.0000.0000.0000.000
A50.000 0.0000.000 0.000 0.0000.0000.0000.000
A60.0000.0000.000 0.000 0.0000.0000.0000.000
A70.000 0.0000.000 0.000 0.0000.0000.0000.000
A80.0000.0000.000 -0.000 0.0000.0000.0000.000
A90.000 0.0000.000 0.000 0.0000.0000.0000.000
B40.000 0.0000.000 0.000 0.0000.0000.0000.000
B50.000 0.0000.000 0.000 0.0000.0000.0000.000
B60.000 0.0000.000 0.000 0.0000.0000.0000.000
B70.000 0.0000.000 0.000 0.0000.0080.0000.015
B80.000 0.0000.000 0.000 0.0000.0000.0000.008
B90.000 0.0000.000 0.000 0.0000.0000.0000.007
C40.000 0.0000.000 0.000 0.0000.0000.0000.000
C50.000 0.0000.000 0.000 0.0000.0000.0000.000
C60.000 0.0000.000 0.000 0.0000.0000.0000.000
C70.000 0.0000.000 0.000 0.0000.0000.0000.000
C80.000 0.0000.000 0.000 0.0000.0000.0000.000
C90.000 0.0000.000 0.000 0.0000.0000.0000.000
D40.000 0.0000.000 0.000 0.0000.0000.0000.000
D50.000 0.0000.000 0.000 0.0000.0000.0000.000
D60.000 0.0000.000 0.000 0.0000.0000.0000.000
D70.000 0.0000.000 0.000 0.0000.0000.0000.000
D80.000 0.0000.000 0.000 0.0000.0000.0000.000
D90.000 0.0000.000 0.000 0.0000.0000.0000.000
E40.000 0.0000.000 0.016 0.0000.0000.0000.000
E50.000 0.0000.000 0.014 0.0000.0120.0210.005
E60.000 0.0000.000 0.012 0.0060.0000.0000.000116
Table (continued). Concentrations of Chlorophenols in reactor effluent (pg/L)
E7
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.016
0.013
0.015
0.000
0.000
0.007
0.025
0.034
0.034
2,3,5-3,4,5-2,3,5,6-2,3,4,5 -
Week 53-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A50.000 0.000 0.0000.0000.0000.0000.0000.000
A60.000 0.000 0.0000.0000.0000.0000.0000.000
A70.000 0.000 0.0000.0000.0000.0000.0000.000
A80.000 0.000 0.0000.0000.0000.0000.0000.000
A90.000 0.000 0.0000.0000.0000.0000.0000.000
B50.000 0.000 0.0000.0000.0000.0000.0000.000
B60.000 0.0000.0000.0000.0000.0000.0000.000
B70.000 0.0000.0000.0000.0000.0000.0000.000
B80.000 0.0000.0000.0000.0000.0000.0000.000
B90.000 0.0000.0000.0000.0000.0000.0000.000
C50.0000.0000.0000.0000.0000.0000.0000.000
C60.0000.000 0.0000.0000.0000.0000.0000.000
C70.0000.0000.0000.0000.0000.0000.0000.000
C80.0000.000 0.0000.0000.0000.0000.0000.000
C90.0000.000 0.0000.0000.0000.0000.0000.000
D50.0000.000 0.0000.0000.0000.0000.0000.000
D60.0000.000 0.0000.0000.0000.0000.0000.000
D70.0000.000 0.0000.0000.0000.0000.0000.000
D80.0000.0000.0000.0000.0000.0000.0000.000
D90.0000.000 0.0000.0000.0000.0000.0000.000
E50.0000.0000.0000.0180.0000.0000.0070.006
E60.000 0.000 0.0000.0000.0000.0130.0000.014
E70.000 0.000 0.0000.0000.0000.0000.0000.006
E80.000 0.000 0.0000.0000.0000.0000.0000.006
E90.000 0.0000.0000.0000.0000.0090.0110.021
2,3,5-3,4,5-2,3,5,6-2,3,4,5 -
Week 63-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A60.0000.000 0.0000.0000.0000.0000.0000.000
A70.0000.0000.0000.0000.0000.0000.0000.000
A80.0000.0000.0000.0000.0000.0000.0000.000
A90.0000.0000.0000.0000.0000.0000.0000.000
B60.0000.0000.0000.0000.0000.0000.0000.000
B70.0000.0000.0000.0000.0000.0160.0000.000117
Table3(continued). Concentrations of Chlorophenols in reactor effluent (pg/L)
B8 0.000 0.000 0.000 0.000 0.000 0.024 0.0000.000
B90.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
C6 0.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
C7 0.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
C8 0.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
C9 0.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
D60.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
D70.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
D80.000 0.000 0.000 0.000 0.000 0.023 0.0000.000
D90.000 0.000 0.000 0.000 0.000 0.020 0.0000.000
E6 0.000 0.000 0.000 0.019 0.010 0.015 0.0000.000
E7 0.000 0.000 0.000 0.000 0.000 0.017 0.0000.000
E8 0.000 0.000 0.000 0.000 0.0000.012 0.0120.000
E90.000 0.000 0.000 0.000 0.000 0.011 0.0210.000
2,3,5- 3,4,5- 2,3,5,6- 2,3,4,5-
Week73-CP 3,5-DCP 3,4-DCP TCP TCPTeCPTeCPPCP
A70.000 0.000 0.000 0.000 0.0000.000 0.0000.000
AS0.000 0.000 0.000 0.000 0.0000.000 0.0000.000
A90.000 0.000 0.000 0.000 0.0000.019 0.0000.000
B70.000 0.000 0.000 0.000 0.0000.000 0.0000.000
B8 0.000 0.000 0.000 0.000 0.0000.000 0.0000.000
B90.000 0.000 0.000 0.000 0.0000.000 0.0000.000
C70.000 0.000 0.000 0.000 0.0000.000 0.0000.012
C8 0.000 0.000 0.000 0.000 0.000 0.030 0.0000.000
C9 0.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
D70.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
D80.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
D90.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
E7 0.000 0.000 0.000 0.000 0.010 0.013 0.0230.028
E8 0.000 0.000 0.000 0.000 0.000 0.042 0.0170.026
E9 0.000 0.000 0.000 0.000 0.000 0.015 0.0000.027
2,3,5- 3,4,5- 2,3,5,6- 2,3,4,5 -
Week83-CP 3,5-DCP 3,4-DCP TCP TCPTeCPTeCPPCP
A80.000 0.000 0.000 0.000 0.000 0.072 0.0000.017
A90.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
B80.000 0.000 0.000 0.000 0.000 0.129 0.0000.019
B90.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
C8 0.000 0.000 0.000 0.000 0.000 0.058 0.0000.000118
Table 3 (continued). Concentrations of Chlorophenols in reactor effluent (n/L)
C90.000 0.000 0.0000.0000.0000.0350.0000.000
D80.000 0.000 0.0000.0000.0000.0000.0000.000
D90.000 0.000 0.0000.0000.0000.0000.0000.000
E80.000 0.000 0.0000.0000.0000.0140.0000.021
E90.000 0.000 0.0000.0000.0000.0260.0000.029
2,3,5-3,4,5-2,3,5,6- 2,3,4,5 -
Week 93-CP 3,5-DCP 3,4-DCP TCPTCPTeCPTeCPPCP
A90.000 0.0000.0000.0000.0000.0140.0000.000
B90.000 0.0000.0000.0000.0000.0000.0000.000
C90.0000.000 0.0000.0000.0000.0420.0000.000
D90.0000.000 0.0000.0000.0000.0520.0000.000
E90.0000.000 0.0000.0000.0140.0730.0350.029119
Table4.Mass of Chlorophenols Removed from reactors (gg)
Week 13-CP3,5-DCP 3,4-DCP
2,3,5-
TCP
3,4,5-
TCP
2,3,5,6- 2,3,4,5-
TeCPTeCPPCP
Al 0.000 0.000 0.000 0.000 0.000 0.312 0.000 0.234
A2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A3 0.000 0.000 0.000 0.000 0.000 0.117 0.000 0.000
A4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A5 0.000 0.000 0.000 0.000 0.000 0.105 0.000 0.103
A6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A7 0.000 0.000 0.000 0.000 0.000 0.127 0.000 0.120
A8 0.000 0.000 0.000 0.000 0.000 0.127 0.000 0.109
A9 0.000 0.000 0.000 0.000 0.000 0.147 0.000 0.117
B1 0.000 0.000 0.000 0.000 0.000 0.325 0.000 0.200
B2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B4 0.000 0.000 0.000 0.000 0.000 0.700 0.000 0.561
B5 0.000 0.000 0.000 0.000 0.000 0.200 0.000 0.201
B6 0.000 0.000 0.000 0.000 0.000 0.241 0.000 0.195
B7 0.000 0.000 0.000 0.000 0.000 0.333 0.000 0.232
B8 0.000 0.000 0.000 0.000 0.000 0.224 0.000 0.211
B9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cl 0.000 0.000 0.000 0.000 0.000 0.321 0.000 0.287
C2 0.000 0.000 0.000 0.000 0.000 0.102 0.000 0.000
C3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C8 0.000 0.000 0.000 0.000 0.000 0.101 0.000 0.087
C9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D1 0.000 0.000 0.000 0.000 0.000 0.105 0.000 0.101
D2 0.000 0.000 0.000 0.000 0.000 0.760 0.000 0.647
D3 0.000 0.000 0.000 0.000 0.000 0.188 0.000 0.185
D4 0.000 0.000 0.000 0.000 0.000 0.293 0.000 0.254
D5 0.000 0.000 0.000 0.000 0.000 0.345 0.000 0.261
D6 0.000 0.000 0.000 0.000 0.000 0.211 0.000 0.160
D7 0.000 0.000 0.000 0.000 0.000 0.139 0.000 0.129
D8 0.000 0.000 0.000 0.000 0.000 0.150 0.000 0.132
D9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000120
Table4(continued). Mass of Chlorophenols Removed from reactors (14)
El
E2
E3
E4
E5
E6
E7
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.050 0.000
0.510 0.000
0.235 0.000
0.174 0.000
0.303 0.000
0.161 0.000
0.098 0.000
0.080 0.000
0.225 0.000
0.057
0.434
0.186
0.151
0.286
0.152
0.091
0.078
0.192
2,3,5- 3,4,5-2,3,5,6- 2,3,4,5 -
Week23-CP3,5-DCP 3,4-DCPTCP TCPTeCPTeCPPCP
A2 0.000 0.000 0.000 0.000 0.000 0.172 0.000 0.267
A3 0.000 0.000 0.000 0.000 0.000 0.522 0.000 0.829
A4 0.000 0.000 0.000 0.000 0.000 0.195 0.000 0.189
A5 0.000 0.000 0.000 0.000 0.000 0.271 0.000 0.259
A6 0.000 0.000 0.000 0.000 0.000 0.101 0.000 0.121
A7 0.000 0.000 0.000 0.000 0.000 0.471 0.000 0.653
A8 0.000 0.000 0.000 0.000 0.000 0.054 0.000 0.061
A9 0.000 0.000 0.000 0.000 0.000 0.671 0.000 0.961
B2 0.000 0.000 0.000 0.000 0.000 0.153 0.000 0.107
B3 0.000 0.000 0.000 0.000 0.000 0.069 0.000 0.084
B4 0.000 0.000 0.000 0.000 0.000 0.136 0.000 0.138
B5 0.000 0.000 0.000 0.000 0.000 0.113 0.000 0.111
B6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.073
B7 0.000 0.000 0.000 0.000 0.000 0.381 0.000 0.376
B8 0.000 0.000 0.000 0.000 0.000 0.231 0.000 0.205
B9 0.000 0.000 0.000 0.000 0.000 0.518 0.000 0.603
C2 0.000 0.000 0.000 0.000 0.000 0.198 0.000 0.194
C3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C4 0.000 0.000 0.000 0.000 0.000 0.217 0.000 0.199
C5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.080
C6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.073
C7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.072
C8 0.000 0.000 0.000 0.000 0.000 0.165 0.000 0.183
C9 0.000 0.000 0.000 0.000 0.000 0.139 0.000 0.124
D2 0.000 0.000 0.000 0.000 0.000 0.411 0.000 0.690
D3 0.000 0.000 0.000 0.000 0.000 0.097 0.000 0.122121
Table4(continued). Mass of Chlorophenols Removed from reactors (ug)
D4 0.000 0.000 0.000 0.000 0.000 0.141 0.000 0.195
D5 0.000 0.000 0.000 0.000 0.000 0.219 0.000 0.281
D6 0.000 0.000 0.000 0.000 0.000 0.199 0.000 0.308
D7 0.000 0.000 0.000 0.000 0.000 0.404 0.000 0.468
D8 0.000 0.000 0.000 0.000 0.000 0.257 0.000 0.222
D9 0.000 0.000 0.000 0.000 0.000 0.096 0.000 0.108
E2 0.000 0.000 0.000 0.000 0.000 0.177 0.000 0.230
E3 0.000 0.000 0.000 0.000 0.000 0.109 0.000 0.142
E4 0.000 0.000 0.000 0.000 0.000 0.096 0.000 0.121
ES 0.000 0.000 0.000 0.000 0.000 0.358 0.945 0.534
E6 0.000 0.000 0.000 0.000 0.000 0.142 0.000 0.168
E7 0.000 0.000 0.000 0.000 0.000 0.447 0.000 0.725
E8 0.000 0.000 0.000 0.000 0.000 0.446 0.000 0.558
E9 0.000 0.000 0.000 0.000 0.000 0.785 0.000 1.229
2,3,5- 3,4,5-2,3,5,6-2,3,4,5 -
Week33-CP3,5-DCP 3,4-DCPTCP TCPTeCPTeCPPCP
A3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.194
A4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
AS 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B3 0.000 0.000 0.000 0.000 0.000 0.557 0.000 0.916
B4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B5 0.000 0.000 0.000 0.000 0.000 1.391 0.000 2.255
B6 0.000 0.000 0.000 0.000 0.000 0.608 0.000 1.232
B7 0.000 0.000 0.000 0.000 0.000 1.189 0.000 1.657
B8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.265
C3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.317
C8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000122
Table4(continued). Mass of Chlorophenols Removed from reactors (pg)
D3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.173
D5 0.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
D6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.175
D8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.121
D9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
E3 0.000 0.000 0.000 0.000 0.000 1.114 0.731 1.195
E4 0.000 0.000 0.000 0.685 0.000 0.247 0.000 0.000
E5 0.000 0.000 0.000 0.166 0.000 0.713 0.553 1.043
E6 0.000 0.000 0.000 0.545 0.312 0.236 1.909 0.000
E7 0.000 0.000 0.000 0.000 0.000 0.191 0.000 0.000
E8 0.000 0.000 0.000 0.000 0.000 0.563 0.000 0.933
E9 0.000 0.000 0.000 0.000 0.000 0.667 0.207 1.169
2,3,5- 3,4,5-2,3,5,6- 2,3,4,5 -
Week 43-CP3,5-DCP 3,4-DCPTCP TCPTeCPTeCPPCP
A4 0.0000.0000.0000.0000.0000.0000.0000.000
AS 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B5 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000
B6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B7 0.000 0.000 0.000 0.000 0.000 0.261 0.000 0.499
B8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.197
B9 0.0000.000 0.000 0.000 0.000 0.000 0.000 0.107
C4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000123
Table4(continued). Mass of Chlorophenols Removed fromreactors (ug)
D7
D8
D9
E4
E5
E6
E7
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000 0.000
0.000
0.000
0.000
0.302
0.302
0.308
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.152
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.248
0.000
0.341
0.328
0.319
0.000
0.000
0.000
0.000
0.439
0.000
0.000
0.000
0.158
0.000
0.000
0.000
0.000
0.109
0.000
0.527
0.855
0.755
2,3,5- 3,4,5-2,3,5,6-2,3,4,5 -
Week53-CP3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000'
B5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000,
B6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C8 0.000 0.000 0.000 0.000 0.0000.000 0.000 0.000
C9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
ES 0.000 0.000 0.000 0.508 0.000 0.000 0.203 0.176
E6 0.000 0.000 0.000 0.001 0.000 0.323 0.000 0.358
E7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.153
E8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.067
E9 0.000 0.000 0.000 0.000 0.000 0.233 0.279 0.518Table4(continued). Mass of Chlorophenols Removed from reactors(pig)
Week63-CP3,5-DCP 3,4-DCP
2,3,5-
TCP
3,4,5-
TCP
2,3,5,6- 2,3,4,5 -
TeCPTeCPPCP
A6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B7 0.000 0.000 0.000 0.000 0.000 0.566 0.000 0.000
B8 0.000 0.000 0.000 0.000 0.000 0.753 0.000 0.000
B9 0.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
C6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C7 0.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
C8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D8 0.000 0.000 0.000 0.000 0.000 0.481 0.000 0.000
D9 0.000 0.000 0.000 0.000 0.000 0.572 0.000 0.000
E6 0.000 0.000 0.000 0.472 0.252 0.371 0.000 0.000
E7 0.000 0.000 0.000 0.000 0.000 0.350 0.000 0.000
E8 0.000 0.000 0.000 0.000 0.000 0.280 0.286 0.000
E9 0.000 0.000 0.000 0.000 0.000 0.183 0.349 0.000
2,3,5- 3,4,5-2,3,5,6-2,3,4,5 -
Week73-CP3,5-DCP 3,4-DCPTCP TCPTeCPTeCPPCP
A7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
A9 0.000 0.000 0.000 0.000 0.000 0.482 0.000 0.000
B7 0.000 0.000 0.000 0.000 0.000 0.000 0.0000.000
B8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.390
C8 0.000 0.000 0.000 0.0000.000 0.638 0.000 0.000
C9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
D9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
E7 0.000 0.000 0.000 0.000 0.187 0.235 0.416 0.511
124125
Table 4 (continued). Mass of Chlorophenols Removed from reactors (gg)
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.874
0.354
0.365
0.000
0.537
0.654
Week 83-CP3,5-DCP 3,4-DCP
2,3,5-
TCP
3,4,5-
TCP
2,3,5,6- 2,3,4,5 -
TeCPTeCPPCP
A8 0.0000.0000.0000.0000.0001.6560.0000.386
A9 0.0000.0000.0000.0000.0000.0000.0000.000
B8 0.0000.0000.0000.0000.0004.1400.0000.600
B9 0.0000.0000.0000.0000.0000.0000.0000.000
C8 0.0000.0000.0000.0000.0001.9630.0000.000
C9 0.0000.0000.0000.0000.0000.6340.0000.000
D8 0.0000.0000.0000.0000.0000.0000.0000.000
D9 0.0000.0000.0000.0000.0000.0000.0000.000
E8 0.0000.0000.0000.0000.0000.4570.0000.681
E9 0.0000.0000.0000.0000.0000.6720.0000.746,
2,3,5-3,4,5-2,3,5,6- 2,3,4,5 -
Week 93-CP3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A9 0.0000.0000.0000.0000.0000.1280.0000.000
B9 0.0000.0000.0000.0000.0000.0000.0000.000
C9 0.0000.0000.0000.0000.0000.3820.0000.000
D9 0.0000.0000.0000.0000.0000.4640.0000.000
E9 0.0000.0000.0000.0000.1300.6610.3160.257126
Table 5. Mass of Chlorophenols Added to Reactors as Treatment Mixtures (lig)
Week 1,
2,3,5-3,4,5-2,3,5,6- 2,3,4,5-
3-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
Al
A2
A3
A4
AS
A6
A7
A8
A9
B1
B2
B3
B4
B5
B6
B7
B8
B9
Cl
C2
C3
C4
C5
C6
C7
C8
C9
D1
D2
D3
D4
D5
D6
D7
D8
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.699
0.699
0.699
0.699
0.699
0.699
0.699
0.699127
Table 5 (continued). Mass of Chlorophenols Added to Reactorsas Treatment
Mixtures (n)
D9
El
E2
E3
E4
E5
E6
E7
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.699
3.714
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
2,3,5-3,4,5-2,3,5,6-2,3,4,5 -
Week 23-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A20.000 0.0000.0000.0000.0000.0000.0000.000
A30.000 0.000 0.0000.0000.0000.0000.0000.000
A40.000 0.0000.0000.0000.0000.0000.0000.000
A50.000 0.0000.0000.0000.0000.0000.0000.000
A60.0000.0000.0000.0000.0000.0000.0000.000
A70.000 0.0000.0000.0000.0000.0000.0000.000
A80.000 0.0000.0000.0000.0000.0000.0000.000
A90.000 0.000 0.0000.0000.0000.0000.0000.000
B20.0000.0000.0000.0000.0000.0000.0000.000
B30.0000.0000.0000.0000.0000.0000.0000.000
B40.000 0.0000.0000.0000.0000.0000.0000.000
B50.0000.0000.0000.0000.0000.0000.0000.000
B60.0000.0000.0000.0000.0000.0000.0000.000
B70.000 0.0000.0000.0000.0000.0000.0000.000
B80.0000.0000.0000.0000.0000.0000.0000.000
B90.000 0.0000.0000.0000.0000.0000.0000.000
C20.0000.0000.0000.0000.0000.0000.0000.000
C30.000 0.0000.0000.0000.0000.0000.0000.000
C40.000 0.0000.0000.0000.0000.0000.0000.000
C50.000 0.000 0.0000.0000.0000.0000.0000.000
C60.000 0.0000.0000.0000.0000.0000.0000.000
C70.0000.0000.0000.0000.0000.0000.0000.000
C80.000 0.0000.0000.0000.0000.0000.0000.000
C90.000 0.000 0.0000.0000.0000.0000.0000.000
D20.000 0.000 0.0000.0000.0000.0000.0000.682128
Table 5 (continued). Mass of Chlorophenols Added to Reactorsas Treatment
Mixtures (m)
D30.000 0.000 0.0000.0000.0000.0000.0000.682
D40.0000.0000.0000.0000.0000.0000.0000.682
D50.000 0.0000.0000.0000.0000.0000.0000.682
D60.000 0.0000.0000.0000.0000.0000.0000.682
D70.000 0.000 0.0000.0000.0000.0000.0000.682
D80.000 0.000 0.0000.0000.0000.0000.0000.682
D90.000 0.000 0.0000.0000.0000.0000.0000.682
E20.000 0.000 0.0000.0000.0000.0000.0003.702
E30.000 0.000 0.0000.0000.0000.0000.0003.702
E40.000 0.000 0.0000.0000.0000.0000.0003.702
E50.000 0.000 0.0000.0000.0000.0000.0003.702
E60.000 0.000 0.0000.0000.0000.0000.0003.702
E70.000 0.000 0.0000.0000.0000.0000.0003.702
E80.000 0.000 0.0000.0000.0000.0000.0003.702
E90.000 0.000 0.0000.0000.0000.0000.0003.702
2,3,5-3,4,5-2,3,5,6- 2,3,4,5 -
Week 33-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A30.000 0.000 0.0000.0000.0000.0000.0000.000
A40.000 0.000 0.0000.0000.0000.0000.0000.000
A50.000 0.000 0.0000.0000.0000.0000.0000.000
A60.000 0.000 0.0000.0000.0000.0000.0000.000
A70.000 0.0000.0000.0000.0000.0000.0000.000
A80.000 0.000 0.0000.0000.0000.0000.0000.000
A90.000 0.000 0.0000.0000.0000.0000.0000.000
B30.000 0.000 0.0000.0000.0000.0000.0000.000
B40.000 0.000 0.0000.0000.0000.0000.0000.000
B50.000 0.000 0.0000.0000.0000.0000.0000.000
B60.000 0.000 0.0000.0000.0000.0000.0000.000
B70.000 0.000 0.0000.0000.0000.0000.0000.000
B80.000 0.000 0.0000.0000.0000.0000.0000.000
B90.000 0.0000.0000.0000.0000.0000.0000.000
C30.000 0.000 0.0000.0000.0000.0000.0000.000
C40.000 0.0000.0000.0000.0000.0000.0000.000
CS0.000 0.0000.0000.0000.0000.0000.0000.000
C60.0000.000 0.0000.0000.0000.0000.0000.000
C70.000 0.0000.0000.0000.0000.0000.0000.000
C80.0000.000 0.0000.0000.0000.0000.0000.000129
Table 5 (continued). Mass of Chlorophenols Added to Reactorsas Treatment
Mixtures (m)
C90.0000.000 0.0000.0000.0000.0000.0000.000
D30.000 0.000 0.0000.0000.0000.0000.0000.809
D40.000 0.0000.0000.0000.0000.0000.0000.809
D50.000 0.000 0.0000.0000.0000.0000.0000.809
D60.000 0.000 0.0000.0000.0000.0000.0000.809
D70.0000.000 0.0000.0000.0000.0000.0000.809
D80.0000.000 0.0000.0000.0000.0000.0000.809
D90.0000.000 0.0000.0000.0000.0000.0000.809
E30.0000.000 0.0000.0000.0000.8890.0004.157
E40.000 0.0000.0000.0000.0000.8890.0004.157
E50.000 0.000 0.0000.0000.0000.8890.0004.157
E60.000 0.0000.0000.0000.0000.8890.0004.157
E70.000 0.000 0.0000.0000.0000.8890.0004.157
E80.000 0.0000.0000.0000.0000.8890.0004.157
E90.000 0.000 0.0000.0000.0000.8890.0004.157
2,3,5-3,4,5-2,3,5,6-2,3,4,5 -
Week 4 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A40.0000.000 0.0000.0000.0000.0000.0000.000
AS0.000 0.0000.0000.0000.0000.0000.0000.000
A60.000 0.000 0.0000.0000.0000.0000.0000.000
A70.000 0.0000.0000.0000.0000.0000.0000.000
A80.000 0.000 0.0000.0000.000.0.0000.0000.000
A90.0000.000 0.0000.0000.0000.0000.0000.000
B40.0000.000 0.0000.0000.0000.0000.0000.000
B50.0000.000 0.0000.0000.0000.0000.0000.000
B60.000 0.000 0.0000.0000.0000.0000.0000.000
B70.000 0.0000.0000.0000.0000.0000.0000.000
B80.000 0.0000.0000.0000.0000.0000.0000.000
B90.000 0.000 0.0000.0000.0000.0000.0000.000
C40.000 0.000 0.0000.0000.0000.0000.0000.000
C50.000 0.0000.0000.0000.0000.0000.0000.000
C60.000 0.000 0.0000.0000.0000.0000.0000.000
C70.000 0.0000.0000.0000.0000.0000.0000.000
C80.0000.000 0.0000.0000.0000.0000.0000.000
C90.000 0.000 0.0000.0000.0000.0000.0000.000
D40.000 0.000 0.0000.0000.0000.0000.0000.528
D50.000 0.000 0.0000.0000.0000.0000.0000.528130
Table5(continued). Mass of Chlorophenols Added to Reactors as Treatment
Mixtures (fig)
D6
D7
D8
D9
E4
E5
E6
E7
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.529
0.529
0.529
0.529
0.529
0.529
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.528
0.528
0.528
0.528
3.166
3.166
3.166
3.166
3.166
3.166
2,3,5-3,4,5-2,3,5,6-2,3,4,5 -
Week53-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A5 0.000 0.000 0.0000.0000.0000.0000.0000.000
A60.000 0.000 0.0000.0000.0000.0000.0000.000
A70.000 0.000 0.0000.0000.0000.0000.0000.000
A8 0.000 0.000 0.0000.0000.0000.0000.0000.000
A90.000 0.000 0.0000.0000.0000.0000.0000.000
B5 0.000 0.000 0.0000.0000.0000.0000.0000.000
B6 0.000 0.000 0.0000.0000.0000.0000.0000.000
B7 0.000 0.000 0.0000.0000.0000.0000.0000.000
B8 0.000 0.000 0.0000.0000.0000.0000.0000.000
B9 0.000 0.000 0.0000.0000.0000.0000.0000.000
C5 0.000 0.000 0.0000.0000.0000.0000.0000.000
C6 0.000 0.000 0.0000.0000.0000.0000.0000.000
C7 0.000 0.000 0.0000.0000.0000.0000.0000.000
C8 0.000 0.000 0.0000.0000.0000.0000.0000.000
C90.000 0.000 0.0000.0000.0000.0000.0000.000
D5 0.000 0.000 0.0000.0000.0000.0000.0000.000
D60.000 0.000 0.0000.0000.0000.0000.0000.000
D70.000 0.000 0.0000.0000.0000.0000.0000.000
D8 0.000 0.000 0.0000.0000.0000.0000.0000.000
D9 0.000 0.000 0.0000.0000.0000.0000.0000.000
E5 0.000 0.000 0.0000.0000.0000.0001.0861.983
E6 0.000 0.000 0.0000.0000.0000.000 1.0861.983
E7 0.000 0.000 0.0000.0000.0000.0001.086 1.983
E8 0.000 0.000 0.0000.0000.0000.0001.086 1.983
E9 0.000 0.000 0.0000.0000.0000.0001.086 1.983131
Table5(continued). Mass of Chlorophenols Added to Reactors as Treatment
Mixtures (pg)
Week63-CP 3,5-DCP 3,4-DCP
2,3,5-
TCP
3,4,5-2,3,5,6- 2,3,4,5 -
TCPTeCPTeCPPCP
A60.000 0.000 0.0000.0000.0000.0000.0000.000
A7 0.000 0.000 0.0000.0000.0000.0000.0000.000
A8 0.000 0.000 0.0000.0000.0000.0000.0000.000
A90.000 0.000 0.0000.0000.0000.0000.0000.000
B6 0.000 0.000 0.0000.0000.0000.0000.0000.000
B7 0.000 0.000 0.0000.0000.0000.0000.0000.000
B8 0.000 0.000 0.0000.0000.0000.0000.0000.000
B9 0.000 0.000 0.0000.0000.0000.0000.0000.000
C6 0.000 0.000 0.0000.0000.0000.0000.0000.000
C70.000 0.000 0.0000.0000.0000.0000.0000.000
C8 0.000 0.000 0.0000.0000.0000.0000.0000.000
C9 0.000 0.000 0.0000.0000.0000.0000.0000.000
D60.000 0.000 0.0000.0000.0000.0000.0000.000
D70.000 0.000 0.0000.0000.0000.0000.0000.000
D80.000 0.000 0.0000.0000.0000.0000.0000.000
D90.000 0.000 0.0000.0000.0000.0000.0000.000
E6 0.000 0.000 0.0000.0000.000 1.0402.1422.264
E7 0.000 0.000 0.0000.0000.000 1.0402.1422.264
E8 0.000 0.000 0.0000.0000.000 1.0402.1422.264
E9 0.000 0.000 0.0000.0000.0001.0402.1422.264
2,3,5-3,4,5-2,3,5,6- 2,3,4,5 -
Week73-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A7 0.000 0.000 0.0000.0000.0000.0000.0000.000
A8 0.000 0.000 0.0000.0000.0000.0000.0000.000
A9 0.000 0.000 0.0000.0000.0000.0000.0000.000
B7 0.000 0.000 0.0000.0000.0000.0000.0000.000
B8 0.000 0.000 0.0000.0000.0000.0000.0000.000
B9 0.000 0.000 0.0000.0000.0000.0000.0000.000
C7 0.000 0.000 0.0000.0000.0000.0000.0000.000
C8 0.000 0.000 0.0000.0000.0000.0000.0000.000
C9 0.000 0.000 0.0000.0000.0000.0000.0000.000
D70.000 0.000 0.0000.0000.0000.0000.7110.000
D80.000 0.000 0.0000.0000.0000.0000.7110.000
D9 0.000 0.000 0.0000.0000.0000.0000.7110.000
E70.000 0.000 0.0000.0000.0001.080 1.7981.165132
Table5(continued). Mass of Chlorophenols Added to Reactors as Treatment
Mixtures (lag)
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.080
1.080
1.798
1.798
1.165
1.165
Week83-CP 3,5-DCP 3,4-DCP
2,3,5-
TCP
3,4,5-
TCP
2,3,5,6-
TeCP
2,3,4,5 -
TeCPPCP
A8 0.000 0.000 0.0000.0000.0000.0000.0000.000
A9 0.000 0.000 0.0000.0000.0000.0000.0000.000
B8 0.000 0.000 0.0000.0000.0000.0000.0000.000
B9 0.000 0.000 0.0000.0000.0000.0000.0000.000
C8 0.000 0.000 0.0000.0000.0000.0000.0000.000
C9 0.000 0.000 0.0000.0000.0000.0000.0000.000
D8 0.000 0.000 0.0000.0000.0004.8210.0000.000
D9 0.000 0.000 0.0000.0000.0004.8210.0000.000
E8 0.000 0.000 0.0000.0000.0000.0000.9660.000
E9 0.000 0.000 0.0000.0000.0000.0000.9660.000
2,3,5-3,4,5-2,3,5,6-2,3,4,5 -
Week93-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A9 0.000 0.000 0.0000.0000.0000.0000.0000.000
B9 0.000 0.000 0.0000.0000.0000.0000.0000.000
C90.000 0.000 0.0000.0000.0000.0000.0000.000
D90.000 0.000 0.0000.0000.0000.0000.0000.000
E9 0.000 0.000 0.0000.0000.0000.0000.0000.000133
Table 6. Mass of Chlorophenols Remaining in Treatment Mixture after Draining,
ug (negative numbers indicate a net loss in chlorophenol mass)
Week 13-CP 3,5-DCP 3,4-DCP
2,3,5-
TCP
3,4,5-2,3,5,6- 2,3,4,5-
TCPTeCPTeCPPCP
Al0.0000.000 0.0000.0000.000-0.3120.000-0.234
A20.000 0.0000.0000.0000.0000.0000.0000.000
A30.0000.000 0.0000.0000.000-0.1170.0000.000
A40.0000.000 0.0000.0000.0000.0000.0000.000
A50.0000.000 0.0000.0000.000-0.1050.000-0.103
A60.0000.000 0.0000.0000.0000.0000.0000.000
A70.0000.000 0.0000.0000.000-0.1270.000-0.120
A80.000 0.000 0.0000.0000.000-0.1270.000-0.109
A90.000 0.0000.0000.0000.000-0.1470.000-0.117
B10.000 0.000 0.0000.0000.000-0.3250.000-0.200
B20.000 0.000 0.0000.0000.0000.0000.0000.000
B30.0000.0000.0000.0000.0000.0000.0000.000
B40.000 0.0000.0000.0000.000-0.7000.000-0.561
B50.000 0.0000.0000.0000.000-0.2000.000-0.201
B60.000 0.000 0.0000.0000.000-0.2410.000-0.195
B70.000 0.0000.0000.0000.000-0.3330.000-0.232
B80.0000.000 0.0000.0000.000-0.2240.000-0.211
B90.0000.000 0.0000.0000.0000.0000.0000.000
Cl0.0000.000 0.0000.0000.000-0.3210.000-0.287
C20.0000.000 0.0000.0000.000-0.1020.0000.000
C30.0000.0000.0000.0000.0000.0000.0000.000
C40.000 0.000 0.0000.0000.0000.0000.0000.000
C50.0000.000 0.0000.0000.0000.0000.0000.000
C60.0000.000 0.0000.0000.0000.0000.0000.000
C70.0000.0000.0000.0000.0000.0000.0000.000
C80.000 0.000 0.0000.0000.000-0.1010.000-0.087
C90.000 0.000 0.0000.0000.0000.0000.0000.000
D10.000 0.000 0.0000.0000.000-0.1050.0000.598
D20.0000.000 0.0000.0000.000-0.7600.0000.052
D30.0000.000 0.0000.0000.000-0.1880.0000.515
D40.000 0.000 0.0000.0000.000-0.2930.0000.446
D50.000 0.000 0.0000.0000.000-0.3450.0000.438
D60.000 0.000 0.0000.0000.000-0.2110.0000.539
D70.0000.000 0.0000.0000.000-0.1390.0000.571
D80.000 0.000 0.0000.0000.000-0.1500.0000.568134
Table 6 (continued). Mass of Chlorophenols Remaining in Treatment Mixture
after Draining (pg)
D9
E1
E2
E3
E4
E5
E6
E7
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-0.050
-0.510
-0.235
-0.174
-0.303
-0.161
-0.098
-0.080
-0.225
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.699
3.657
-0.434
-0.186
-0.151
-0.286
-0.152
-0.091
-0.078
-0.192
2,3,5-3,4,5-2,3,5,6-2,3,4,5 -
Week 23-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A20.000 0.000 0.0000.0000.000-0.1720.000-0.267
A30.000 0.0000.0000.0000.000-0.5220.000-0.829
A40.000 0.000 0.0000.0000.000-0.1950.000-0.189
A50.000 0.000 0.0000.0000.000-0.2710.000-0.259
A60.000 0.000 0.0000.0000.000-0.1010.000-0.121
A70.000 0.000 0.0000.0000.000-0.4710.000-0.653
A80.000 0.000 0.0000.0000.000-0.0540.000-0.061
A90.000 0.000 0.0000.0000.000-0.6710.000-0.961
B20.000 0.000 0.0000.0000.000-0.1530.000-0.107
B30.000 0.000 0.0000.0000.000-0.0690.000-0.084
B40.000 0.000 0.0000.0000.000-0.1360.000-0.138
B50.000 0.000 0.0000.0000.000-0.1130.000-0.111
B60.000 0.000 0.0000.0000.0000.0000.000-0.073
B70.000 0.000 0.0000.0000.000-0.3810.000-0.376
B80.000 0.000 0.0000.0000.000-0.2310.000-0.205
B90.000 0.000 0.0000.0000.000-0.5180.000-0.603
C20.000 0.000 0.0000.0000.000-0.1980.000-0.194
C30.000 0.000 0.0000.0000.0000.0000.0000.000
C40.000 0.000 0.0000.0000.000-0.2170.000-0.199
C50.000 0.000 0.0000.0000.0000.0000.000-0.080
C60.000 0.000 0.0000.0000.0000.0000.000-0.073
C70.000 0.000 0.0000.0000.0000.0000.000-0.072
C80.000 0.000 0.0000.0000.000-0.1650.000-0.183
C90.000 0.000 0.0000.0000.000-0.1390.000-0.124
D20.000 0.000 0.0000.0000.000-0.4110.000-0.008135
Table 6 (continued). Mass of Chlorophenols Remaining in Treatment Mixture
after Draining (gg)
D30.000 0.0000.0000.0000.000-0.0970.0000.560
D40.000 0.0000.0000.0000.000-0.1410.0000.487
D50.000 0.000 0.0000.0000.000-0.2190.0000.401
D60.000 0.000 0.0000.0000.000-0.1990.0000.374
D70.000 0.0000.0000.0000.000-0.4040.0000.214
D80.000 0.000 0.0000.0000.000-0.2570.0000.460
D90.000 0.000 0.0000.0000.000-0.0960.0000.574
E20.000 0.000 0.0000.0000.000-0.1770.0003.472
E30.000 0.000 0.0000.0000.000-0.1090.0003.559
E40.000 0.000 0.0000.0000.000-0.0960.0003.581
E50.000 0.000 0.0000.0000.000-0.358-0.9453.168
E60.0000.000 0.0000.0000.000-0.1420.0003.533
E70.0000.000 0.0000.0000.000-0.4470.0002.976
E80.0000.000 0.0000.0000.000-0.4460.0003.144
E90.0000.000 0.0000.0000.000-0.7850.0002.472
2,3,5-3,4,5-2,3,5,6- 2,3,4,5 -
Week 33-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A30.0000.000 0.0000.0000.0000.0000.000-0.194
A40.0000.000 0.0000.0000.0000.0000.0000.000
AS0.000 0.0000.0000.0000.0000.0000.0000.000
A60.000 0.0000.0000.0000.0000.0000.0000.000
A70.000 0.000 0.0000.0000.0000.0000.0000.000
A80.000 0.000 0.0000.0000.0000.0000.0000.000
A90.000 0.000 0.0000.0000.0000.0000.0000.000
B30.000 0.000 0.0000.0000.000-0.5570.000-0.916
B40.000 0.000 0.0000.0000.0000.0000.0000.000
B50.000 0.000 0.0000.0000.000-1.3910.000-2.255
B60.000 0.000 0.0000.0000.000-0.6080.000-1.232
B70.000 0.0000.0000.0000.000-1.1890.000-1.657
B80.000 0.0000.0000.0000.0000.0000.0000.000
B90.000 0.0000.0000.0000.0000.0000.000-0.265
C30.000 0.0000.0000.0000.0000.0000.0000.000
C40.000 0.000 0.0000.0000.0000.0000.0000.000
C50.000 0.0000.0000.0000.0000.0000.0000.000
C60.000 0.0000.0000.0000.0000.0000.0000.000
C70.000 0.000 0.0000.0000.0000.0000.000-0.317
C80.000 0.0000.0000.0000.0000.0000.0000.000136
Table 6 (continued). Mass of Chlorophenols Remaining in Treatment Mixture
after Draining (pg)
C90.0000.000 0.0000.0000.0000.0000.0000.000
D30.000 0.000 0.0000.0000.0000.0000.0000.809
D40.000 0.000 0.0000.0000.0000.0000.0000.635
D50.000 0.000 0.0000.0000.0000.0000.0000.809
D60.0000.000 0.0000.0000.0000.0000.0000.809
D70.000 0.000 0.0000.0000.0000.0000.0000.634
D80.0000.000 0.0000.0000.0000.0000.0000.688
D90.0000.000 0.0000.0000.0000.0000.0000.809
E30.000 0.000 0.0000.0000.000-0.2250.1582.962
E40.000 0.000 0.000-0.6850.0000.6420.8894.157
E50.0000.000 0.000-0.1660.0000.1770.3363.115
E60.0000.000 0.000-0.545-0.3120.653-1.0204.157
E70.0000.000 0.0000.0000.0000.6980.8894.157
E80.0000.000 0.0000.0000.0000.3270.8893.224
E90.0000.000 0.0000.0000.0000.2230.6822.989
2,3,5-3,4,5-2,3,5,6- 2,3,4,5 -
Week 43-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A40.000 0.0000.0000.0000.0000.0000.0000.000
AS0.000 0.000 0.0000.0000.0000.0000.0000.000
A60.0000.000 0.0000.0000.0000.0000.0000.000
A70.000 0.000 0.0000.0000.0000.0000.0000.000
A80.0000.000 0.0000.0000.0000.0000.0000.000
A90.0000.000 0.0000.0000.0000.0000.0000.000
B40.0000.000 0.0000.0000.0000.0000.0000.000
B50.0000.000 0.0000.0000.0000.0000.0000.000
B60.0000.000 0.0000.0000.0000.0000.0000.000
B70.0000.000 0.0000.0000.000-0.2610.000-0.499
B80.000 0.000 0.0000.0000.0000.0000.000-0.197
B90.0000.000 0.0000.0000.0000.0000.000-0.107
C40.000 0.000 0.0000.0000.0000.0000.0000.000
C50.000 0.000 0.0000.0000.0000.0000.0000.000
C60.000 0.000 0.0000.0000.0000.0000.0000.000
C70.0000.000 0.0000.0000.0000.0000.0000.000
C80.000 0.0000.0000.0000.0000.0000.0000.000
C90.000 0.000 0.0000.0000.0000.0000.0000.000
D40.000 0.000 0.0000.0000.0000.0000.0000.528
D50.000 0.000 0.0000.0000.0000.0000.0000.528137
Table 6 (continued). Mass of Chlorophenols Remaining in Treatment Mixture
after Draining (pg)
D6
D7
D8
D9
E4
E5
E6
E7
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-0.302
-0.302
-0.308
0.000
0.000
0.000
0.0000.000
0.0000.000
0.0000.000
0.0000.000
0.0000.529
0.0000.281
-0.1520.529
0.0000.188
0.0000.201
0.0000.210
0.000
0.000
0.000
0.000
0.000
-0.439
0.000
0.000
0.000
-0.158
0.528
0.528
0.528
0.528
3.166
3.057
3.166
2.639
2.311
2.411
2,3,5-3,4,5-2,3,5,6- 2,3,4,5 -
Week 53-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A50.000 0.000 0.0000.0000.0000.0000.0000.000
A60.000 0.0000.0000.0000.0000.0000.0000.000
A70.000 0.0000.0000.0000.0000.0000.0000.000
A80.000 0.000 0.0000.0000.0000.0000.0000.000
A90.000 0.000 0.0000.0000.0000.0000.0000.000
B50.0000.000 0.0000.0000.0000.0000.0000.000
B60.0000.000 0.0000.0000.0000.0000.0000.000
B70.000 0.000 0.0000.0000.0000.0000.0000.000
B80.000 0.000 0.0000.0000.0000.0000.0000.000
B90.000 0.000 0.0000.0000.0000.0000.0000.000
C50.000 0.0000.0000.0000.0000.0000.0000.000
C60.000 0.000 0.0000.0000.0000.0000.0000.000
C70.000 0.0000.0000.0000.0000.0000.0000.000
C80.0000.000 0.0000.0000.0000.0000.0000.000
C90.000 0.0000.0000.0000.0000.0000.0000.000
D50.000 0.000 0.0000.0000.0000.0000.0000.000
D60.0000.000 0.0000.0000.0000.0000.0000.000
D70.000 0.000 0.0000.0000.0000.0000.0000.000
D80.0000.000 0.0000.0000.0000.0000.0000.000
D90.000 0.000 0.0000.0000.0000.0000.0000.000
E50.000 0.000 0.000-0.5080.0000.0000.8831.807
E60.000 0.000 0.000-0.0010.000-0.3231.0861.625
E70.000 0.0000.0000.0000.0000.0001.0861.830
E80.000 0.000 0.0000.0000.0000.0001.0861.916
E90.000 0.000 0.0000.0000.000-0.2330.8071.465138
Table 6 (continued). Mass of Chlorophenols Remaining in Treatment Mixture
after Draining (pg)
Week 63-CP 3,5-DCP 3,4-DCP
2,3,5-
TCP
3,4,5-2,3,5,6- 2,3,4,5 -
TCPTeCPTeCPPCP
A60.000 0.0000.0000.0000.0000.0000.0000.000
A70.000 0.0000.0000.0000.0000.0000.0000.000
A80.0000.0000.0000.0000.0000.0000.0000.000
A90.000 0.000 0.0000.0000.0000.0000.0000.000
B60.000 0.000 0.0000.0000.0000.0000.0000.000
B70.000 0.000 0.0000.0000.000-0.5660.0000.000
B80.000 0.0000.0000.0000.000-0.7530.0000.000
B90.000 0.000 0.0000.0000.0000.0000.0000.000
C60.000 0.000 0.0000.0000.0000.0000.0000.000
C70.0000.0000.0000.0000.0000.0000.0000.000
C80.000 0.0000.0000.0000.0000.0000.0000.000
C90.000 0.000 0.0000.0000.0000.0000.0000.000
D60.0000.0000.0000.0000.0000.0000.0000.000
D70.000 0.000 0.0000.0000.0000.0000.0000.000
D80.0000.000 0.0000.0000.000-0.4810.0000.000
D90.0000.000 0.0000.0000.000-0.5720.0000.000
E60.000 0.000 0.000-0.472-0.2520.6702.1422.264
E70.000 0.000 0.0000.0000.0000.6902.1422.264
E80.000 0.000 0.0000.0000.0000.7611.8562.264
E90.0000.0000.0000.0000.0000.8571.7932.264
2,3,5-3,4,5-2,3,5,6- 2,3,4,5 -
Week 73-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A70.0000.000 0.0000.0000.0000.0000.0000.000
AS0.000 0.000 0.0000.0000.0000.0000.0000.000
A90.000 0.000 0.0000.0000.000-0.4820.0000.000
B70.0000.0000.0000.0000.0000.0000.0000.000
B80.000 0.000 0.0000.0000.0000.0000.0000.000
B90.000 0.0000.0000.0000.0000.0000.0000.000
C70.000 0.0000.0000.0000.0000.0000.000-0.390
C80.000 0.0000.0000.0000.000-0.6380.0000.000
C90.000 0.000 0.0000.0000.0000.0000.0000.000
D70.000 0.000 0.0000.0000.0000.0000.7110.000
D80.0000.0000.0000.0000.0000.0000.7110.000
D90.000 0.000 0.0000.0000.0000.0000.7110.000
E70.0000.000 0.0000.000-0.1870.8451.3820.654139
Table 6 (continued). Mass of Chlorophenols Remaining in Treatment Mixture
Draining (ig)
E8
E9
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.205
0.726
1.433
1.798
0.628
0.511
Week 83-CP 3,5-DCP 3,4-DCP
2,3,5-
TCP
3,4,5-
TCP
2,3,5,6-
TeCP
2,3,4,5 -
TeCPPCP
A80.000 0.000 0.0000.0000.000-1.6560.000-0.386
A90.000 0.0000.0000.0000.0000.0000.0000.000
B80.000 0.000 0.0000.0000.000-4.1400.000-0.600
B90.0000.000 0.0000.0000.0000.0000.0000.000
C80.0000.000 0.0000.0000.000-1.9630.0000.000
C90.0000.000 0.0000.0000.000-0.6340.0000.000
D80.0000.000 0.0000.0000.0004.8210.0000.000
D90.0000.000 0.0000.0000.0004.8210.0000.000
E80.000 0.0000.0000.0000.000-0.4570.966-0.681
E90.000 0.0000.0000.0000.000-0.6720.966-0.746
2,3,5-3,4,5-2,3,5,6-2,3,4,5 -
Week 93-CP 3,5-DCP 3,4-DCPTCPTCPTeCPTeCPPCP
A90.0000.000 0.0000.0000.000-0.1280.0000.000
B90.0000.000 0.0000.0000.0000.0000.0000.000
C90.000 0.000 0.0000.0000.000-0.3820.0000.000
D90.000 0.0000.0000.0000.000-0.4640.0000.000
E90.000 0.0000.0000.000-0.130-0.661-0.316-0.257140
Table 7. Mass of Chlorophenols in Soil Slurry contained in Destructively
Sampled Reactors (ug)
Week 13-CP 3,5-DCP3,4-DCP
2,3,5-
TCP
3,4,5-
TCP
2,3,5,6- 2,3,4,5-
TeCPTeCPPCP
Al 0.000 0.000 0.0000.0000.00011.6330.84555.892
A2 0.000 0.000 0.0000.0000.00010.5601.43761.079
A3 0.000 0.000 0.0000.0000.0006.8530.85039.482
A4 0.000 0.000 0.0000.9850.0007.8741.28450.161
A5 0.000 0.000 0.0002.3680.0005.5993.68137.550
A6 0.000 0.000 0.0000.0000.0003.6842.01433.133
A7 0.000 0.000 0.0000.0000.000 5.393 1.74341.073
AS 0.000 0.000 0.0002.6020.0007.0095.63645.254
A9 0.000 0.000 0.0000.0000.0005.3232.27636.895
B1 0.000 0.000 0.0000.0000.00020.0141.70593.225
B2 0.000 0.000 0.0000.0000.00011.171 1.74660.147
B3 0.000 0.000 0.0001.8970.0006.9303.77336.899
B4 0.000 0.000 0.0003.6672.2724.0908.56333.528
B5 0.000 0.000 0.0004.9213.9393.21211.77323.852
B6 0.000 8.760 0.0000.00013.3533.2295.57524.206
B7 0.000 3.165 0.0005.1974.7317.09013.11932.329
B8 0.000 0.000 0.0005.0254.5164.52611.89035.466
B9 0.000 0.000 0.0005.85010.0416.35615.88339.291
Cl 0.000 0.000 0.0000.0000.00017.400 1.33182.023
C2 0.000 0.000 0.0000.0000.0008.5642.01359.774
C3 0.000 0.000 0.0001.3360.0008.6142.29453.489
C4 0.000 0.000 0.0000.8710.0004.823 1.94038.820
C5 0.000 0.000 0.0002.3550.0003.3514.30322.548
C6 0.000 0.000 0.0002.1434.9162.8846.92019.067
C7 0.000 0.000 0.0003.871 1.5236.6669.82258.170
C8 0.000 0.000 0.0002.9704.1773.2146.57126.634
C9 0.000 0.000 0.0003.50710.1509.9509.53269.473
D1 0.000 0.000 0.000 1.2270.00020.043 1.71194.163
D2 0.000 0.000 0.0002.4930.00010.0196.37659.567
D3 0.000 3.367 0.0005.0633.1127.76113.84952.762
D4 0.000 4.465 0.0004.223 5.7493.68114.61031.979
D5 0.000 3.645 0.0005.5245.4004.20416.59234.085
D6 0.000 0.000 0.0006.18510.2695.38921.62650.127
D7 0.000 3.012 0.0004.5865.8273.51915.27242.715
D8 0.000 5.521 0.0003.4379.4138.13717.23743.354
D9 0.000 0.000 0.0004.8466.4004.58319.18638.347141
Table 7 (continued). Mass of Chlorophenols in Soil Slurry contained in
Destructively Sampled Reactors (11g)
Week 23-CP 3,5-DCP3,4-DCP
2,3,5-
TCP
3,4,5-2,3,5,6- 2,3,4,5 -
TCPTeCPTeCPPCP
El0.000 0.000 0.0002.0300.91218.6545.06988.721
E20.000 0.000 0.0004.2781.86113.51913.37674.453
E30.000 2.344 0.0005.5272.5377.85717.20247.439
E40.000 3.187 0.0007.0062.9664.68518.22343.290
E50.000 4.337 0.0005.1853.9242.67610.20925.451
E60.000 0.000 0.0002.8859.7441.59310.11015.185
E70.000 0.000 0.0004.2712.2776.99214.41564.472
E80.000 0.000 0.0001.9322.0926.6899.15445.299
E90.000 9.068 0.0002.0212.0953.33312.14233.260142
Table 8. Mass of Chlorophenols in Destructively Sampled Reactors adjusted
for washout (pg)
Week 13-CP 3,5-DCP3,4-DCP
2,3,5-
TCP
3,4,5-
TCP
2,3,5,6-
TeCP
2,3,4,5-
TeCPPCP
AO0.000 0.000 0.0000.0000.00033.5683.281135.657
Al0.000 0.000 0.0000.000.0.00011.9450.84556.126
A20.000 0.000 0.0000.0000.00010.3881.43760.811
A30.000 0.000 0.0000.0000.0006.2150.85038.460
A40.000 0.000 0.0000.9850.0007.6801.28449.972
AS0.000 0.000 0.0002.3680.0005.2233.68137.188
A60.000 0.000 0.0000.0000.0003.5842.01433.012
A70.000 0.000 0.0000.0000.0004.795 1.74340.300
A80.000 0.000 0.0002.6020.0005.1735.63644.698
A90.000 0.000 0.0000.0000.0003.8952.27635.817
BO0.000 0.000 0.0000.0000.00034.8453.682144.582
B10.000 0.000 0.0000.0000.00020.338 1.70593.424
B20.000 0.000 0.0000.0000.00011.324 1.74660.253
B30.000 0.000 0.000 1.8970.0007.5563.77337.899
B40.000 0.000 0.0003.6672.2724.9268.56334.228
B50.000 0.000 0.0004.9213.9394.91611.77326.420
B60.000 8.760 0.0000.00013.3534.0775.57525.706
B70.000 3.165 0.0005.1974.7319.82113.11935.093
B80.000 0.000 0.0005.0254.5169.87411.89036.679
B90.000 0.000 0.0005.85010.0416.87415.88340.265
CO0.000 0.000 0.0000.0000.00036.6103.862148.300
Cl0.000 0.000 0.0000.0000.00017.720 1.33182.310
C20.000 0.000 0.0000.0000.0008.8642.01359.967
C30.000 0.000 0.0001.3360.0008.6142.29453.489
C40.000 0.000 0.0000.8710.0005.0391.94039.019
C50.000 0.000 0.0002.3550.0003.3514.30322.629
C60.000 0.000 0.0002.1434.9162.8846.92019.140
C70.000 0.000 0.0003.871 1.5236.6669.82258.949
C80.000 0.000 0.0002.9704.1776.0826.57126.904
C90.000 0.000 0.0003.50710.15011.1059.53269.596
DO0.000 0.000 0.0000.0000.00029.6652.910119.445
D10.000 0.000 0.0001.2270.00020.148 1.71193.565
D20.000 0.000 0.0002.4930.00011.1916.37659.522
D30.000 3.367 0.0005.0633.1128.04613.84950.879
D40.000 4.465 0.0004.2235.7494.11414.61029.883
D50.000 3.645 0.0005.5245.4004.76716.59231.909143
Table 8 (continued). Mass of Chlorophenols in Destructively Sampled Reactors
adjusted for washout (lag)
Week 23-CP 3,5-DCP3,4-DCP
2,3,5-
TCP
3,4,5-
TCP
2,3,5,6-
TeCP
2,3,4,5 -
TeCP PCP
D60.000 0.000 0.0006.18510.2695.80021.62647.877
D70.000 3.012 0.0004.5865.8274.06214.56140.768
D80.000 5.521 0.0003.4379.4134.20516.52641.111
D90.000 0.000 0.0004.8466.4000.89518.47536.436
E00.000 0.000 0.0000.0000.00029.6652.910119.445
El0.000 0.000 0.0002.0300.91218.7045.06985.064
E20.000 0.000 0.0004.278 1.86114.20613.37671.415
E30.000 2.344 0.0005.5272.5378.42517.04441.104
E40.000 3.187 0.0007.9942.9663.78517.33432.537
E50.000 4.337 0.3025.8583.6433.5996.87814.590
E60.000 0.000 0.0004.21110.4590.3687.9020.591
E70.000 0.000 0.0004.2712.4645.1168.91650.042
E80.000 0.000 0.0001.9322.0926.1772.92432.571
E90.000 9.068 0.0002.0212.2263.8926.57022.343144
Table 9. Concentrations of Chlorophenols in Soil Pore Water (nmol/L)
Time
(days)
2,3,5-TCP
A B C
3,4,5-TCP
A B C
2,3,5,6-TeCP
A B C
0 0.000.000.000.000.000.002.832.832.83
7 0.000.000.000.000.000.00 1.550.000.53
14 0.000.000.000.000.000.00 1.31 1.500.18
21 0.000.000.000.000.000.000.620.750.12
28 0.000.000.000.000.000.000.590.710.12
35 0.000.000.000.000.000.000.640.740.10
43 0.000.020.000.000.020.000.670.770.11
50 0.000.040.000.000.040.001.702.020.18
57 0.000.030.000.000.040.001.52 1.960.16
63 0.00 0.030.000.000.030.00 1.62 1.870.13
70 0.000.050.000.000.000.001.64 1.830.29
77 0.000.040.000.000.030.00 1.852.180.25
84 0.000.040.000.000.030.00 1.44 1.680.36
98 0.000.040.000.000.030.002.032.380.73
105 0.000.040.000.000.000.002.032.290.70
119 0.040.060.000.000.050.000.872.08 1.07
126 0.000.000.000.000.000.00 1.84 1.700.95
140 0.000.080.050.000.060.002.332.44 1.31
161 0.000.300.000.000.000.000.162.26 1.31145
Table 9 (continued). Concentrations of Chlorophenols in Soil Pore Water (nmol/L)
Time
(days)
2,3,4,5-TeCP
A B C A
PCP
B C
0 0.000.000.00 1.29 1.29 1.29
7 0.000.000.000.660.000.72
14 0.000.000.000.87 1.220.28
21 0.000.000.000.940.920.86
28 0.000.000.000.380.660.26
35 0.000.000.000.460.690.26
43 0.020.030.000.490.740.18
50 0.030.060.000.97 1.520.31
57 0.020.050.000.84 1.530.27
63 0.020.040.000.782.030.21
70 0.000.060.000.91 1.36'0.34
77 0.000.040.000.771.170.32
84 0.000.030.020.470.710.38
98 0.000.040.030.71 1.130.76
105 0.000.030.000.630.980.73
119 0.000.060.050.80 1.15 1.07
126 0.000.000.000.63 0.750.83
140 0.000.080.060.89 1.15 1.16
161 0.000.080.230.00 1.05 1.14146
Table 10. Concentrations of Chlorophenols in Soil (ilmol/kg)
Time
(days)
2,3,5-TCP
A B C
3,4,5-TCP
A B C
2,3,5,6-TeCP
A B C
0 0.000.000.000.000.000.000.050.050.05
7 0.000.000.000.000.000.000.01 0.01 0.03
14 0.000.000.000.000.000.000.020.01 0.04
21 0.000.000.000.000.000.000.010.000.00
28 0.000.000.000.000.000.000.010.000.02
35 0.000.000.000.000.000.000.010.000.01
43 0.000.000.150.210.220.000.01 0.010.02
50 0.000.000.220.000.160.150.020.010.05
57 0.000.000.150.11 0.110.100.01 0.010.05
63 0.000.000.130.000.220.000.01 0.010.04
70 0.000.000.130.000.000.000.01 0.010.03
77 0.000.000.000.000.000.000.000.010.04
84 0.000.000.000.000.000.000.000.01 0.04
98 0.000.000.220.000.000.000.01 0.010.07
105 0.000.000.000.000.000.000.01 0.01 0.03
119 0.000.000.000.000.000.000.02 0.010.03
126 0.000.000.190.270.000.000.020.010.04
140 0.000.000.000.000.000.000.030.010.04
161 0.000.000.280.100.170.190.020.010.05147
Table 10 (continued). Concentrations of Chlorophenols in Soil (gmol/kg)
Time
(days)
2,3,4,5-TeCP
A B C A
PCP
B C
0 0.000.000.0026.5926.5926.59
7 0.000.000.002.290.655.62
14 0.000.000.002.270.776.42
21 0.000.000.00 1.100.400.26
28 0.000.000.000.880.303.19
35 0.000.000.00 1.100.73 1.39
43 0.100.140.13 1.570.775.04
50 0.110.130.252.310.669.66
57 0.070.080.130.570.447.75
63 0.000.140.11 1.170.805.51
70 0.000.000.09 1.190.354.98
77 0.000.000.000.400.304.01
84 0.000.000.000.180.34 5.81
98 0.000.000.160.540.247.44
105 0.000.000.130.540.164.29
119 0.000.110.001.300.26.2.19
126 0.190.790.200.710.505.46
140 0.000.000.201.570.595.11
161 0.060.070.270.560.168.68148
Table 11. Chlorophenols in Pilot-Scale Reactor Effluent Treatment Mixtures
Time
(days)
3,5
DCP
2,3,5
TCP
Drain Water (gg/L)
3,4,52,3,5,6- 2,3,4,5
TCPTeCPTeCP
PCP
0 0.000.000.000.000.000.00
7 0.000.000.000.000.000.00
14 0.000.000.000.000.000.00
21 0.000.000.000.590.0047.76
28 0.000.000.000.260.007.87
35 0.000.000.000.270.0032.17
43 0.000.000.000.270.0014.81
50 0.000.000.000.090.0012.73
57297.6215.9930.040.000.000.00
63 179.160.0018.090.000.000.00
70 0.000.000.000.000.000.00
77 0.000.000.000.000.000.00
84 0.000.000.000.000.000.00
98 0.000.000.000.000.000.00
105 0.000.000.000.000.000.00
119 0.000.000.000.000.000.00
126 0.000.000.000.260.000.00
140 0.000.000.00 1.940.000.00
161 0.000.000.00 1.390.0031.28149
Table 11 (continued). Chlorophenols in Pilot-Scale Reactor Effluent Treatment
Mixtures
Time
(days)
3,5
DCP
Chlorophenols Removed (mg)
2,3,53,4,52,3,5,6- 2,3,4,5
TCPTCPTeCPTeCPPCP
0 0.000.000.000.000.000.00
7 0.000.000.000.000.000.00
14 0.000.000.000.000.000.00
21 0.000.000.000.170.0013.85
28 0.000.000.000.080.002.36
35 0.000.000.000.080.009.65
43 0.000.000.000.060.003.55
50 0.000.000.000.020.002.93
57 65.483.526.610.000.000.00
63 39.400.003.980.000.000.00
70 0.000.000.000.000.000.00
77 0.000.000.000.000.000.00
84 0.000.000.000.000.000.00
98 0.000.000.000.000.000.00
105 0.000.000.000.000.000.00
119 0.000.000.000.000.000.00
126 0.000.000.000.000.000.00
140 0.000.000.000.000.000.00
161 0.000.000.000.000.00.0.000.60
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Figure 25. Mass of chlorophenols in bench-scale reactor series A
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Figure 26. Mass of chlorophenols in bench-scale reactor series B
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Figure 27. Mass of chlorophenols in bench-scale reactor series C
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Figure 28. Mass of chlorophenols in bench-scale reactor series D
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Figure 29. Mass of chlorophenols in bench-scale reactor series E
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Figure 30. Concentration of PCP in pilot-scale reactor soil treatment zones
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Figure 31. Concentration of 2,3,5,6-TeCP in pilot-scale reactor soil treatment zones
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Figure 32. Concentration of 2,3,4,5-TeCP in pilot-scale reactor soil treatment zones154
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Figure 33. Concentration of 2,3,5-TCP in pilot-scale reactor soil treatment zones
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Figure 34. Concentration of 3,4,5-TCP in pilot-scale reactor soil treatment zones30.00
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Figure 35. Mass balance on chlorophenols in pilot-scale reactor soil treatment zones
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Figure 36. Concentration of PCP in pilot-scale reactor pore water
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Figure 37. Concentration of 2,3,5,6-TeCP n pilot-scale reactor pore water
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Figure 38. Concentration of 2,3,4,5-TeCP in pilot-scale reactor pore water0.0005
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Figure 39. Concentration of 2,3,5-TCP in pilot-scale reactor pore water
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Figure 40. Concentration of 3,4,5-TCP in pilot-scale reactor pore water
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Figure 41. Mass balance on chlorophenols in pilot-scale reactor pore water
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Figure 42. Concentration of chlorophenols in pilot-scale soil treatment zone A
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Figure 43. Concentration of chlorophenols in pilot-scale soil treatment zone B
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Figure 44. Concentration of chlorophenols in pilot-scale soil treatment zone C
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Figure 45.Concentration of chlorophenols in pilot-scale reactor drain water2.0
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Figure 46. First order reaction kinetics model for PCP removal in Series A
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Figure 47. First order reaction kinetics model for PCP removal in Series B
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Figure 48. First order reaction kinetics model for PCP removal in Series C
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Figure 49. First order reaction kinetics model for PCP removal in Series D
1622.0
1.8
1.6
1.4
1.2
0
1.0
`c--r
0.8
0.6
0.4
0.2
0.0
2.0
y = 0.0516x
R2 = 0.9836
0 5 10 15
time (days)
20 25 30
Figure 50. First order reaction kinetics model for PCP removal in Series E
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Figure 51. First order reaction kinetics model for 2,3,5,6-TeCP removal in Series A
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Figure 52. First order reaction kinetics model for 2,3,5,6-TeCP removal in Series B
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Figure 53. First order reaction kinetics model for 2,3,5,6-TeCP removal in Series C
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Figure 54. First order reaction kinetics model for 2,3,5,6-TeCP removal in Series D
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Figure 55. First order reaction kinetics model for 2,3,5,6-TeCP removal in Series E
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